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VASOCONSTRICTION IN RENAL HYPERTENSION ABOLISHED 
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' With the assistance of Bing Moy 
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Received for publication November 6, 1939 

Although no vasoconstrictor substance has been demonstrated in the 
blood of hypertensive patients, or in that of animals vith experimental 
hypertension, most investigators of the problem incline to the belief that 
a peripherally active vasoconstrictor substance must be the actual cause 
of the increased arterial resistance (Goldblatt, 1940, summaiy of literature). 
Heymans and his colleagues, impressed vuth the r61e normally played by 
the carotid sinus and aortic reflexes, also believe that peripheral vaso- 
constriction and sensitization of vasomotor endings play a part, but insist 
that the reflex control mechanism must also be affected in order to have 
sustained arterial hypertension (Heymans, 1938). 

Several years ago we reported (Dock and Rytand, 1934) that rats vuth 
renal hypertension had a prompt fall of pressure to the same level as con- 
trols when both groups had the central nervous system destroyed, but this 
evidence was obtained with indirect and unsatisfactory methods of measur- 
ing arterial pressure. That experiment has now been repeated, using rab- 
bits and direct recording of arterial and venous pressure and the earlier 
observations have been confirmed. It is known that renal hypertension 
may occur after the sympathetic chains have been removed (Alpert et ah, 
1937; Freeman and Page, 1937; Heymans et ah, 1937) or the cord below 
C4 destroyed (Glenn and Lasher, 1938; Glenn et ah, 1938). Nevertheless 
the nervous system does play an important role in the mechanism of renal 
hypertension since pithing abolishes the difference between hypertensive 
and normal animals. 

^ This work was aided by a grant for medical research from the Rockefeller Foun- 
dation, and by the use of facilities of the Department of Pharmacology kindly offered 
by Professor Hanzlik. 
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Methods. Normal rabbits or those which had been hypertensive 
for months due to a tie narrovnng the renal artery were anesthetized, 
the lumbar cord exposed by laminectomy, and arterial pressure recorded 
continuously from a carotid artery. The cord was destroyed along with 
the doi-sal part of the brain by pithing with a wire rod through the lami- 
nectomy opening, after tying both carotids and starting artificial respira- 
tion. Epinephrine, pitressin or renin were given intravenously through a 
jugular cannula and in nine animals the jugular venous pressure was ob- 
ser\>-ed in a manometer or recorded graphically. In two hypertensive and 
two control animals urethane anesthesia was used; the arterial pressure was 
low and the fall in relation to that in the central artery of the ear, measured 
indirectly before anesthesia, was much greater in the hypertensive than in 
normal animals. In three control and five hypertensive animals the 
splanchnic arterial bed was ligated before pithing. This prolonged the 
effect of epinephrine injections but did not prevent the fall of pressure due 
to pithing. The results to be reported were obtained with ether anesthesia 
and intact circulation, except for carotid ligation. In three hypertensive 
rabbits intravenous infusion of acacia-Locke’s solution was used to raise 
venous pressure after pithing. Three hypertensive and two normal ani- 
mals were pithed and the pressure allowed to fall to zero; in six hyper- 
tensives and fourteen normals repeated doses of epinephrine were given after 
pithing, in seven normals pithing was performed during continuous 
epinephrine infusion (two of these, which had many ectopic beats before 
pithing, went into ventricular fibrillation wdth immediate fall of pressure 
to zero on being pithed). In five normals pithing was performed at the 
height of a response to renin, generously supplied by Dr. I. H. Page of the 
Lillj’- Laboratories. In five hypertensive rabbits pithing was performed 
30 hours after removal of the single kidney; all had normal levels of carotid 
pre.ssure before being pithed. 

RESUI..TS. In the normal rabbit there is no rise or a rise of less than 20 
mm. Hg in arterial pre.ssure during pithing. As pithing is completed thex'e 
is an abrupt fall of pressure. This goes over into a more gradual fall at 
30 to 50 mm., going steadily dovTi or it maj’- almost level off and decline 
gradually to zero. Prompt rise in pressure can be produced by epinephrine 
injection if the pressure has not fallen below 10 or 15 mm. Rabbits which 
have been hypertensive for months, but whose pressures fall to normal 
within 24 hours after total nephrectomy, react to pithing and to epinephrine 
in exactly the same way as normal animals, 

W hen the arterial pressure of the normal rabbit is at a high level during 
continuous epinephrine infusion, there is no fall or only a transient fluctua- 
tion in arterial ijrossure on pithing; the pressure falls steadily to zero on 
di.-continuinK epinephrine. 7'hc effect of pithing rabbits at the height of 
rc'ironsc to renin wa.s variable. In one, hypertension continued unchanged 
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for several minutes, in others there was a transient or a moderate but sus- 
tained fall, but the pressure always leveled off at a relatively high level, 
and declined veiy gradually as the effect of renin wore off. A second dose 
of renin, given to the pithed rabbit as the effect of the first dose wore off, 
again caused a rise. Thus renin, which with blood serum produces a 
vasoconstriction in isolated tissues of cats and dogs (Page and Helmer, 
1940), has an effect somewhat like that of epinephrine. Its effect is very 
different from that of the humoral substance which causes hypertension of 
renal origin. 



Fig. 1. The initial rise in pressure, in this rabbit with renal hypertension, followed 
the starting of artificial respiration, 1 , and a fall occurred as the ether anesthesia 
became more profound. At 2 the animal was pithed and the pressure rose 40 mm. be- 
fore its abrupt decline and more gradual fall to zero. Time record, 20 sec. intervals. 

Fig. 2. Venous pressure (upper curve, in mm. HjO) and arterial pressure (lower 
curve, mm. Hg) during four responses to epinephrine (15 gamma per kgm.) in a pithed 
normal rabbit. No rise in venous pressure precedes the rise in arterial pressure, save 
for the insignificant effect of the injection into the opposite jugular. It is quite 
obvious that the fall of arterial pressure is due to loss of arterial tone, not to low 
venous pressure. Time record 20 sec. intervals. 

As contrasted vdth normal or recently nephrectomized hypertensive 
animals, rabbits with renal hypertension show more marked rise in pres- 
sure on ligating the second carotid artery, on starting artificial respiration, 
and during the destruction of the cord (figs. 1, 3). After the cord, medulla 
and pons of the hypertensive rabbits are destroyed by pithing, the pressure 
falls abruptly, reaching 20 mm. in one or two ihinutcs. Occasionally, 
as in some normals, the pressure falls sharply to 30-50 mm., and then more 
slowly, reaching 20 mm. in 3 to 5 minutes. If epinephrine is given there is 
a sharp transient rise in pressure (fig. 3). Animals may be kept alive for 
several hours by repeated or continuous injections of epinephrine but the}’' 
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show no recovery of tone; as soon as the epinephrine is stopped the pressure 
falls to zero. Ligation of the coeliac axis prior to pithing (3 hypertensives, 
5 controls) modifies the result very little. It does prolong the effect of a 
dose of epinephrine, presumably by preventing its destruction in the liver. 
Raising the venous pressure by infusions of 10 to 15 cc. of Locke’s solution 
or acacia-Locke’s, per kilo of rabbit per minute for three to five minutes, 
does not suffice to maintain arterial pressure levels over 40 mm. Hg, al- 
though at the end of infusions, Avith arterial pressure steadily falling, 
venous pressure levels are 3 to 5 cm. H 2 O above normal. On giving epine- 



Fig. 3 . Pressure in this hypertensive rabbit (3.8 kgm.) rose 35 mm. during pithing; 
abrupt and then gradual fall afterward. The maximal responses to epinephrine 
were obtained after 15 minutes. The first response to epinephrine was greater 
following each dose of pitressin. Time record, 20 sec. intervals. 

phrinc the prc.ssure rises very sharply in the carotid, but the venous pre.ssurc 
either slays constant, or with large doses stays at its original level for several 
.seconds and rises after the ‘arterial pre.ssure has begun to fall from its 
peak (fig. 2). If the low arterial prassures were due only to inadequate 
venous reluni, no rise could occur following epinephrine until the venous 
pn*ssure had risen markedly. Since this Avas not obseived in any of the 
mimerous ctises in Avhich A'cnous pressure Avas noted, in hypertensive and 
control rnl>!)it.s the fall iti blood pre.ssure must be ascribed to loss of arterial 
rf^'istanee rather than decrease in \*enous return after bcirtg pithed. 
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The response to epinephrine was more marked in the pithed hyiicrtensivc 
rabbits than in the controls or in hypertensive ralibits ncphrectomized 
completely 30 hours before pithing. In order to minimize the effect of 
, artificial respiration on the size of the response to epinephrine, varying 
doses were given repeatedly to an animal, and ventilation was increased 
until no further increase in response to each dose level was observed. 
It was always apparent that the maximal response to any given dose was 
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DOSE OF EPINEPHRIN IN GAMMA PER KG. 


Fig. 4. Relation of rise in blood pressure, in pithed rabbits, to dose of epinephrine 

injected. Renal hypertensives, 0 and ; normals, solid circles and line; renal 

hypertensives pithed 30 hours after nephrectomy, .x and-. ... Renal hypertensive 
rabbits lose their sensitivity to epineplirine after the kidnej'^ is removed and arterial 
pressure falls to normal. 

much greater in rabbits which were hypertensive at the time they were 
pithed. The average sensitivity to epinephrine {k in the formula: rise in 
pressure = k Log. of dose + a), was 60 per cent greater in such rabbits 
than in normals or those nephrectomized 30 hours previously. Stated in 
another way it takes three times as much epinephrine to produce a rise of 
50 mm. in the pithed normal rabbit as it does in pithed hypertensives and 
five times as much to produce a rise of 100 mm. In the three pairs of ani- 
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mals in which responses to pituitiin were noted, after pithing, the sensi- 
tivity of controls and hypertensives was the same. In unanesthetized 
intact rabbits with renal hypertension, pressor response to pituitrin is 
greater than in controls (Brown et ah, 1939; Page and Ogden). 

Discussion. It can not be denied that pithing is likely to produce 
shock, but it does not interfere with response to any of the known periph- 
erally active vasoconstrictors, and often is used to provide unusually sensi- 
tive preparations for demonstrating their action (Page and Helmer, 
1940). In pithed rabbits given intravenous acacia or Locke’s solution 
diuresis was marked, and it is difficult to see how a peripherally acting 
vasoconstrictor of renal origin could be inhibited even by a shocking pro- 
cedure which does not diminish the effect of epinephrine, renin or pitressin, 
and does not inhibit renal function. On the other hand, study of the role 
of the sympathetic system or of the spinal cord can only be analyzed by 
means of such acute experiments, since the body possesses means for 
gradually reestablishing the control of the central nervous system over 
the vascular bed when these normal pathways are destroyed (Browm and 
Maycock, 1940; Nowak and Walker, 1939). When the cord below C4 is 
destroyed, or the S3mipathetic system gradually ablated, normal blood 
pressure is restored and maintained. Renal hypertension less severe than 
in intact animals can then be produced, but since the mechanism by which 
normal pressure is maintained in animals vath severed nerv^e tracts is 
unknown, such experiments cast little light on the mechanism of renal 
hypertension. The acute experiment does sen’-e to show that the neiwous 
.system is as important in maintaining hyiiertension as it is in maintaining 
normal pressure levels. 

Such observations suggest that an important part of the action of the 
humoral agent causing renal hypertension is to modify the “set” of the 
vasomotor mechanism, just as substances from inflamed or necrotic tissue 
modify the “set” of the heat regulating center. The same mechanisms arc 
used to conserve heat or liberate extra heat in order to maintain the tem- 
perature at 40° in typhoid fever as are used to hold it at 37° under normal 
conditions. Since hypertensive animals and patients are able to regulate 
flow to the ti.=sues, for temperature regulation or in response to exercise or 
nervous stimuli, in the same way as do normals, it seems not improbable 
that the noimal regulator^’' mechanism continues to function, unaffected 
.save for a change in the level at which the controlling center holds the 
mean arterial pressure. 

At the time when the obser\uitions on sympathectomy or chronic cord 
damage in relation to renal hypertension were reported it, was not, realized 
that the nervous sy.stem could regain control of the vasomotor and cardio- 
aeeel(*rator mechanism after a lap.«e of day.s or weeks, and it, was reasonable 
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to assume that the central nervous system and sympathetics were relatively 
unimportant in causation of renal hypertension. The occurrence of a 
fall in pressure when the spinal cord is severed in sympathectomized cats 
(Brown and Maycock, 1940) and of a gradual rise after section of the caro- 
tid and aortic neiwes in sympathectomized dogs (Nowak and Walker, 
1939) are examples of the persistence of central influences after section of 
the normal vasomotor pathways. The immediate but usually transient 
fall of pressure after splanchnic nerve section in hypertensive patients, 
and the acute experiments here described prove that the sympathetic and 
central nervous systems are important links in the mechanism causing 
chronic hypertension, renal or nonrenal in origin. 

'\Wien it was obseiwed in these experiments that pithed hypertensive 
animals are much more sensitive than pithed control rabbits, it was sus- 
pected that arterial hypertrophy might account for this, as the animals had 
been h^Tiertensive for three to six months. For this reason sensitivity was 
studied after nephrectomy in animals which had been h 5 ^pertensive for 
even longer periods, five to eight months. Under these conditions sensi- 
tivity fell to the normal level, as did mean carotid pressure, vdthin 30 hours 
after remo^^ng the kidney which had caused the hypertension. This 
leaves no doubt that a substance which sensitizes to epinephrine and per- 
haps to vasomotor nerve stimuli is present in renal hypertension. Such 
a substance, acting only in this way, can scarcely cause hypertension, for 
if the moderator nerve reflexes were unaffected any rise in pressure would 
simply cut do^vn the outflow of vasoconstrictor impulses, resulting in 
maintaining normal pressure with a lower rate of vasomotor tonic stimula- 
tion, Such a sensitization, along with an action on the vasomotor regula- 
tory center raising the level at which tonic impulses were inhibited, would 
permit maintenance of hypertension without great increase in the rate of 
discharge from the center and ganglion cells along the vasomotor path. 

SUMJIARY 

On pithing the central nervous system of rabbits those with renal hyper- 
tension have a rapid fall of blood pressure to as low a level as normal con- 
trols. Even holding venous pressure at high levels by intravenous infusion 
of acacia-Locke’s solution fails to restore normal arterial pressure in these 
animals. ’■ 

In pithed rabbits a rise in arterial pressure is easily evoked with epi- 
nephrine; the response is greater in those which have had renal hypertension 
for several months, but not in hypertensive rabbits nephrectomized 30 
hours before pithing. No rise in venous pressure precedes the rise in ar- 
terial pressure. Renin, like epinephrine, causes a rise in arterial pressure 
in pithed rabbits, and thus diffezs from the humoral agent causing chronic 
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renal hypertension. The latter apparently changes the reaction of the 
vasomotor center so as to maintain pressure at high levels. It also in- 
creases the sensitivity of the arterial response to epinephrine. 
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The importance of the hydrogen ion concentration of the blood for a great 
variety of biological phenomena has long been recognized and observations 
on the normal human have revealed a range that is presumably rather 
narrow (1, 2, 3) though the reports are rather conflicting because in many 
instances seasonal factors have been neglected and also because of differ- 
ence in technique. Variations that were associated with weather changes 
(barometric pressure) (4) as well as seasonal changes (5) have been re- 
ported by Petersen in humans. Studies on the influence of altitude and 
temperature on pH (7) have appeared from time to time, as well as observa- 
tions extending over short periods. There has been a lack of controlled 
frequent observations on pH extendmg over prolonged periods. 

Because of the difficulty of controlling “normal” human subjects over 
long periods of time, a study was fii-st undertaken on the variations in pH 
over a period of a year in a group of “normal” dogs and compared Avith a 
series of simultaneous determinations made on groups of humans in order 
to determine whether any consistent similarities or differences were present. 

Experimental. Employing a group of six dogs of approximately the 
same size and weight, blood was drawn from each dog in rotation on suc- 
cessive days in order to include in our determinations a picture of the daily 
variations that have been previously reported (4, 5), and to avoid the possi- 
bility of thrombosis and occlusion in the superficial veins which are likely 
to occur in a dog following daily venous punctures over prolonged periods. 
The animals were given a standard diet throughout the experiment. 

The pH determinations were made on blood plasma according to the 
glass electrode method. The buffer solution was compared at weekly 
intervals with a standard pH solution. To assure constancy of our stand- 
ard pH solutions they were checked every six weeks against numerous 
precision hydrogen electrode assemblies. The blood having been dravm 
under oil with a minimum of trauma and transferred under oil into con- 
stricted tubes, containing three drops of 20 per cent potassium oxalate, 
(the reaction of which was repeatedly tested throughout the experiment), 
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the determinations were made within fifteen minutes follo^^^ng all of the 
precautions recommended to insure accurate readings with our apparatus. 
The readings at room temperature were corrected after the method de- 
scribed by Myers and MuntAvyler (6). Our readings were checked at 
inter\’’als against readings made immediately following the withdraAval of 

TABLE 1 


Mean pH and standard errors for each dog 


DOG 

MEAN pH 

1 

STANDABD ERROR 

1 

7.43 

±0.02 

2 

7.46 

±0.02 

3 

7.47 

±0.02 

4 i 

7.46 

±0.02 

6 

7.47 

±0.02 

7 

7.45 

±0.02 



Fit;. 1. A continuous record of pH determinations carried out on G dogs over a 
13-month period. Each dog being taken in rotation on successive days of the week, 
and the weekly readings connected bj' a different line for each animal. 


blood from tlie veins using a micro-chamber electrode. The Coleman pH 
electrometer was used which has a standard error of ± 0.01 pH. 

-After u period of training the j)H determinations of the dogs were started 
at the })eginning of December, 19.37 and c.xtcnded through December, 
19-38. The average pH and the standard errors were alike. 
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Figure 1 shows the character and the degree of fluctuations of the in- 
dividual readings for each dog. The weekly readings for each dog were 
connected by a separate line; the relationships between the lines throughout 
the thirteen month period may be observed in the chart. In general, they 
present a similar pattern of variations throughout a relatively wide range. 
Some of the individual variations may be accounted for by the manner in 
which the readings were rotated from day to day. It has been pointed 
out (4, 5) that day by day determinations reveal a distinct variation of 
pH level associated with meteorological aberrations. 

Groups of four to six humans were studied daily from Januaiy through 
December 1938. In general, the readings for each individual presented a 
similar pattern, rising and falling more or less synchronously. 
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Fig. 2. AVeeMy average pH values for dogs (above) and humans (below). 

Figure 2 shows the average pH level of the weekly cycle. The upper 
blocks of black represent the weekly average pH for the six dogs while 
the lower blocks represent the composite weekly average for the humans. 
Comparing the two series of blocks the close similarity may be seen, and 
statistically the correlation coefficient is high, being -f- 0.87. 

From figures 1 and 2 it is evident that the pH of the various individuals 
(fig. 1) move in approximately the same manner. Further, the pH of two 
different species move in much the same fashion throughout the year 
(fig. 2). It is clear that at least a part of the variation of pH is determined, 
either directly or indirectly, by one or more factors to which all individuals 
studied (of either species) are exposed simultaneously. In endeavoring 
to determine what factors may account for these similar fluctuations in 
pH levels, a number of factois, both external and internal, were considered. 
Since the diets of the two species differed, the diet of the dogs being uniform 
through the year, the possibility that the fluctuations in pH might be 



12 M. BERG, A. MAYNE AND W. F. PETERSEN 

wholly due to seasonal differences in diet must be discarded. It was 
decided to investigate, if possible, the relationships between the several 
indices of the weather and the pH for both the humans and the dogs. 
Previous studies by Petersen (4) have given evidence of the association of 
the variations of a number of chemical constituents of the blood nith the 
variations of barometric pressure and daily temperature. 

The daily mean temperature, which was averaged to attain a single 
weekly’’ figure, was obtained from the Monthly Summary of the IJ. S. 
Weather Bureau’s Chicago Station. The daily 7 a.m. and 7 p.m. baro- 
metric pressure, which was likewise averaged to yield a weekly series, was 
obtained from the unpublished records of the Chicago Station. 

The nature of the influence of the weather on pH, if it exists, is probably 
complicated and it may be necessary to start vnth certain simplifying 
assumptions regarding the possible functional relations. However, the 
nature of the functional relationship may be detected somewhat by an 
empirical study of the statistics. As each week has been considered as a 
discrete observation, some of the continuity has probably been lost in the 
pH series. Turning to the data itself, it has been obseiwed that the pH 
was somewhat more stable than the barometric pressure, which at times 
showed gi-eat variability. For this reason it was decided to compute a 
three week moving average of the pH, barometric pressure, and tempera- 
ture data. 

By plotting pH against barometric pressure and temperature it was pos- 
sible to judge the type of the functional relationship which exists between 
these variables. The charts clearly indicated that an arithmetical rela- 
tionship was not involved, for the points tended to scatter in a fan-.shapcd 
manner. Conversion to logarithms seemed to reduce the scattering of the 
l)oints in a manner which made their distribution relatively homosccdastic. 
Thus it. appeared that it was a percentage change in pH which was asso- 
ciated with a percentage change in the barometric pressure. No definite 
conclusions could be reached concerning the relationship between pH and 
mean temperature and so the mean temperature was left on an arithmetic 
scale. In order to bring out most clearly the relationships, it was necessary 
to code the variables in the following manner: the 7.00 was dropped from 
(he pH readings as the variation was in the last two figures, and then the 
reduced readings were multiplied by 4.00 to achieve a better transfonna- 
tioii in logarithms. The barometric pressure was coded by subtracting 
29.00 inches. For example, instead of .30.10 inches the figure of 1.10 
inches was used. The mean temperature readings for the week were left 
untouched. 

As the above codings were made prior to the transformation to log- 
arithms, the various observations received somewhat different weights 
than those which a direct transformation Avould have given. The coding 
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also becomes a part of the description of the functional relationships be- 
tween variables. The proposed mathematical function relating the pH 
to barometric pressure and mean temperature then becomes by the above 
adjustments: 

Log [4.0(pH — 7.00)] = a -f /3*Log [Bar. P.j -f- 5 [Temp.] (la) 
or as an exponential: 

pH = 7.00 -h ^ [(10)1 . [Bar. P.^] • [(10 )'"®“p- *] (Ib) 

The statistics a, /3 and 5 may be found by the method of least squares. 

The Pearsonian product moment correlation coefficients for the coded 
variables were computed and the results between the pH readings, tempera- 
ture and weather, are shown in table 2. The intercorrelation between the 
log of barometric pressure and mean temperature is —0.38. 

Before answering the question which immediately suggests itself of 
whether these correlations are significantlj'- different from zero, certain 


TABLE 2 

Zero order correlation coefficients 



BAHOM. PRES. 

TEMPERATURE 

Human pH 

+0.60 

+0.18 

Dog pH 

+0.52 

+0.19 


reservations must be considered. In this instance we are not dealing with 
conditions of simple samphng for which the usual tests of significance 
Avere devised; the observations ivere not chosen at I’andom, but are 
ordered in time; secondly, the data have been smoothed by means of the 
moving average, decreasing the true number of degrees of freedom avail- 
able for determining the estimating equation. 

A partial compensation for these difficulties may be gained by requiring 
a somewhat higher level of significance, say, the probability discarding a 
negative hypothesis (zero correlation) be set at 0.001 instead of 0.01. 
Further, it is necessary to consider the possibility that factors which 
could be neglected in the present study because they happened to remain 
relatively stable over the period studied might vary significantly in some 
later period. Turning to Fisher’s table for testing of correlation coeffi- 
cients (8), it is seen that if random samples of 50 paired observations each 
are taken from a universe of zero correlation, the correlation of ±0.361 
or greater is obtained only once in one hundred times. , As the correlations 
with the barometric pressure for the pH of humans is -[-0.60 and for the 
pH of the dogs is -f-0.52, vffiich are of greater value than the one per cent 
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level (±0.361), even after considering the above reservations, it seems 
safe to conclude that the hypothesis that there is no correlation between 
pH and barometric pressure should be discarded as improbable. 

The correlations with temperature and pH (dog, +0.18, and human. 
+0.19) are not to be considered significantly different from zero, as the 
10 per cent level of Fisher’s table indicated that a correlation of at least 
±0.230 or greater is obtained ten out of one hundred times vdth random 
sampling. 

The intercorrelation between log of barometric pressure and tempera- 
ture, of —0.3770, may be considered significantly different from zero. 
The probability of obtaining correlations which differ as much or more than 
+0.60 (human) and +0.52 (dog), if they are reallj’^ drawn from the same 
miverse, is 61 out of one hundred. It is necessary to conclude that there 
is no significant difference between the correlations. 

Because of the importance of the intercorrelations between barometric 
pressure and mean temperature, it is clearly necessary to consider these 
two weather indices simultaneously. The parameters required in equa- 
tions (la) and (Ib) are easily found and the estimating equations become; 
Human: 

Log [4.0(pH— 7.00)] = -0.1052 

+ 0.2022. Log [Bar. P.] + 0.002589 [Temp.] (Ila) 
pH = 7.00 + 0.200. [Bar. p.]'>-2022.[iop™p.o o'>2^9 (Ilb) 

Dog: 

Ix)g [4.0(pH— 7.00) = +0.0323 

+ 0.1379. Log [Bar. P.] + 0.001863 [Temp.] (IlaO 

pH = 7.00 + 0.268 [Bar. (IlbO 

The relative importance of the barometric pressure and temperature in 
determining the pH values is not well pictured by the above equations 
because the barometric pressure and temperaturc readings are measured in 
different units. If the variables arc converted to units such that the 
standard deviations are equal, coefficients which are more comparable ma 3 '^ 
be computed. Table 3 gives the Belas, or the coefficients in standard 
units. It is seen that the barometric pressure is of greater importance in 
the estimation of ]}H than is the temperaturc. 

The accuracy with which the e.stimating equations (Ila) and (Ila') 
predict the values of pH is given the multiple correlation coefficient. 
Tlie multiple correlation coefficient for th(i human pH with barometric 
pressure and temperature is 0.738.3 and for the dog pH is 0.6670. Both 
of these correlations arc significant^' different from zero. 
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The importance of the interplay of barometric pressure and temperature 
is clearly brought out when we turn to the partial correlations. A partial 
correlation attempts to give a picture of the effect of one of the independent 
variables — saj’j barometric pressure — upon the dependent variable, pH, 
when the other independent variable or variables, say, temperature, are 
held constant. It is the statistical approximation to the control of certain 
important influencing factors in the experiment conducted in a laboratory. 

The partial correlations as compared to the zero order correlations 
(table 2) have in all instances been increased due to the negative correla- 
tion between the temperature and barometric pressure. While each of 
the weather indices tends to affect the pH in a positive fashion, the}'^ tend to 
move in opposite directions resulting in a partial negation of the net effects 
upon pH. 


TABLE 3 

Coefficients of estimating equations in standard units 


1 

BAnOM. PBES. 

TEMPEBATURE 

Human pH 

+0.77 

+0.47 

Dog pH 

+0.69 

+0.45 


TABLE 4 

Partial correlation cocffiicicnts 



1 

BAROM. PRES- 

TEMPERATURE 

Human pH 

+0.73 

+0.65 

+0.54 

+0.49 

Doe pH 



All four partial correlations in table 4 can be considered as significantly 
different from zero as a partial correlation of ±0.37 or greater is obtained 
only one per cent of the time from a universe of zero correlation (Fisher’s 
table 5, A (8)). The use of partial correlational teclmique clearly brings 
out the importance of consideiing both temperature and barometric pressure 
and it is seen that temperature does play an important part in the de- 
termination of the pH. 

Until now it has been assumed that the relationships between the vari- 
ables as adjusted by transformation into logaritlnns were necessaril}’- 
rectilinear; however, it may be well to investigate the possibility of curve- 
linearity. The method of successive approximation suggested by Ezekial 
(9) was used. The residuals from the estimating equations are plotted 
against: first, the barometric pressure; and secondly, against the tempera- 
ture, correcting the regression if the straight line is not visually the “best 
fit.” If these new regressions still do not satisfy, adjustments are made 
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again or until the best curvelinear regressions are found. The disadvan- 
tage of the method, of course is that in the end no mathematical equation 
is obtained unless the work of fitting is repeated, assuming another general 





I' ig. 3. pH of dogs; section A, comparison of logarithms of actual values and loga- 
rithms of pH as estimated from barometric pressure and mean temperature; section 
B, tlie net effect of barometric pressure on pH; section C, the net effect of mean 
teniporature on pH. 

f({uation which seems to meet the requirements of the corrections for 
curvelinearity. Further, there is no adequate way to determine the 
numljcr of degrees of freedom absorbed by the correction. 
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In figure 3 are shown the corrections for curvelinearity for the dog pH. 
Section B shows the net effect of the barometric pressure and clearly in- 
dicates that the influence is linear. The lowest section of the figure 
shows that the assumption of linearity does not liold. As temperature 
rises from a weekly average of 42° the pH rises at an increasing rate. 
Below a temperatui’e of 42° the pH seems to rise slightly. The nature of 
the relationship may be due to the living conditions of the animals, as thej'^ 
were kept in steam-heated buildings and were not exposed to the extreme 
cold, while during the summer they were not as well protected against 
excessive heat. It may be that during the coldest days the}’- were living 
under much warmer conditions than during only moderately cold days, or 
the possibility of compensating physiological mechanisms must be con- 
sidered. In section A the actual values of the logarithms of pH as ob- 
served are compared to the values estimated from the relations shown in 
the lower sections of the chart. It is seen that the estimates follow the 
actual values quite closely. The importance of curvelinearity of the tem- 
perature relationship is reflected in the increase of the linear multiple 
correlation coefficient of 0.6670 to the curvelinear index of multiple corre- 
lation of 0.7345. 

Figure 4, in turn, shows the similar material for the human pH. The 
relationship of the barometric pressure and pH is slightly curvelinear as is 
.shown in section B. The pH level rises more rapidly as the barometer 
moves from lower level than when the increases occur at the higher levels. 
The deviation from linearity may not be significant and it may be that no 
real difference exists between the reaction of the pH of the dogs and the 
pH of the humans to barometric pressure. In section C the relationship 
of the pH of the humans with temperature shows the same curvelinear 
tendencies as were discovered for the dogs. A low pH is reached at about 
42° with pH increasing more rapidly as temperature rises; slight increases 
in pH occur vdth drops in temperature below 42°. The latter phenomenon 
might also be attributed to our ability to protect ourselves against the cold 
on the one hand by clothes and warm indoor temperatures, or on the other 
hand, by a possible compensatory mechanism. In section A will be found 
the comparison of the actual and estimated values, the correspondence of 
which is somewhat closer than for the dogs. The importance of the 
curvelinearity is evidenced by the increase in the linear multiple correla- 
tion of 0.7383 to a curvelinear Index of Multiple Correlation of 0.8224. 
This is an important increase in the “closeness of fit,” for the standard 
error of estimate has dropped from 0.45 to 0.25, or only 25 per cent of the 
variance of the logarithms of pH is left unexplained as compared to 45 
per cent under the assumption of linearity. 

Discussion. Because of the high correlation between dogs and humans 
even with the relatively wide fluctuations in pH — ^from 7.32 to 7.68 — 
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Fig. 4. pH of humnns: section A, comparison of logarithms of actual values and 
logarithms of pH as estimated from barometric pressure and mean temperature; 
section B, the net effect of barometric pressure on pH ; section C, the net effect of 
mean temperature on pH. 

extremity and thii.s was possibly .subject to wider variations than arterial 
blood. Since pH is a measure of the hydrogen ion activity (10) in a bio- 
logic sj'.stcm at a given time, variations in the buffers (ratio of base to 
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bicarbonate), the rate of oxidation and reduction, and the rate of elimina- 
tion of metabolic products will affect the pH. In comparing the CO 2 
contents of the blood with the pH a general reciprocal relation was seen. 
However, the CO 2 content was subject to wide fluctuations without 
corresponding changes in the pH. The CO 2 content depends upon (7) 
the amount of available alkali (alkali reserve) and the amount of hemo- 
globin which, hke other acids, competes for the alkali, as well as upon the 
ratio of production to elimination. Increasing the environmental tem- 
perature lowers the CO 2 content (7) and inversely tends to raise the pH. 
Although temperature and barometric pressure are acting simultaneously 
(and the importance of their interpla 3 '^ has been demonstrated above), 
for purposes of simphfication and clarity it may be well to discuss them 
separately. 

It was seen that the pH levels tended to rise at an increasing rate as the 
temperature rises above 42°, however, with the temperature falling below 
42° the pH seems to rise slightty. While the temperature has a definite 
effect on the pH, the effect of temperature was found to be not as great 
as barometric pressure wliich may be due to the ability of the organism to 
compensate readily for changes such as variation in the CO 2 content, for 
example, through the respiratory mechanism. Furthermore, as baro- 
metric pressure and temperature tend to move in opposite directions, some 
of the effects of temperature appear to be partially negated. However, at 
the higher levels of temperature which are associated with an increased 
respiratory rate, more CO 2 is bloivn off and the pH rises at an increasing 
rate. 

Changes in barometric pressure are statistically definitely more impor- 
tant than changes in temperature. The relationship appears to be a linear 
one with a leveling off of pH at the high pressure readings. The dis- 
tinctly higher correlation between the barometric pressure and pH is 
probably due to a more complex mechanism perhaps involving such factors 
as circulatory changes (5), the oxygen tension of the blood (increasing 
pressure increases oxj^gen content) and the compensatory effects at various 
levels and the greater release of acid metabolites associated with anoxia. 
Changes in pH in turn, have been shown to influence the oxidation rates of 
various organs and tissues with increasing rates at lower pH (11, 12, 
13, 14). 

Suggestive among the factors wliich may possibly influence the pH are 
variations in the energy production. Petersen (5) has observed changes 
inB.M.R. and pH, associated with meteorological alterations. Ritzmann 
and Benedict (15) have shown variations in B.M.R. which the}'- believed 
might be due to seasonal changes in the weather. Correspondingly dis- 
tinct seasonal variations in the organic iodine content in the thyroid of 
domestic animals has been recently reported by Seidell and Fenger (16). 
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With abrupt changes in temperature and barometric pressure (polar 
fronts), the importance of circulatory phenomena (vascular spasm and 
relaxation) have been brought out (5), and these have been associated with 
fluctuations in the blood chemistry, among them pH (rising and falling 
pH). When meteorological stimuH were either very pronounced or fre- 
quent, summation effects were obser\’-ed. Statistically signiflcant daily 
variations in pH have also been reported by Shock and Hastings (3) and 
the data showed general trends over a period of several days. 

Considerable controversy has arisen in discussing seasonal influences, 
due to failures to duplicate results. That this must occur is logical, for 
one spring may not be hke another spring and one May not hke another 
Ma 3 \ The temperature maj'^ be low and the barometric pressure high, 
or thej'’ may be unstable one j'^ear and more stable the next. One cannot 
compare corresponding months of different j’^ears and consider them similar 
only because of their order in time. On such a basis failures to duphcate 
results cannot be considered as discounting climatic influence. In com- 
paring pH values collected in pre^dous years (5) in this laboratory with 
those presented in this paper, definite differences were encountered. In a 
number of years, for example, the levels in the spring were low — in some 
there was no decline — while in others they were relatively high. 

SUMMARY 

1. A high correlation was found in the pattern and in the degree of varia- 
tion of the pH of the blood among a gi’oup of dogs studied over a period of 
one 3 'ear. 

2. A high statistical correlation was obtained in comparing the con- 
tinuous pH values in a gi'oiip of dogs with those of a group of humans for 
a period of one year. 

3. A relatively wide degree of fluctuation was observed in both humans 
and dogs. In man the wceklj- averages varied from 7.28 to 7.68; while 
in the dogs thej' varied from 7.32 to 7.68. 

4. In comparing the pH and the weather, statist! callj’' significant co- 
efficients were found with barometric pressure and temperature, with a 
distincth' higher coiTelation being found for barometric pressure than for 
temperature. Increases in pH were associated with increases in baro- 
metric pre.ssure. On the other hand, the relationship between pH and 
temperature was not as marked and onlj' at higher temperatures wore 
increases in pH definitelj' associated with increases in temperature. In 
attempting to evaluate seasonal influences varj'ing results were found, 
depending upon the weather indices discussed. 
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It has been shown that the perinephric reaction to cellophane and silk 
produces a constricting hull around the parenchyma of the kidneys which 
causes persistent arterial hypertension (1). The renin-angiotonin vaso- 
pressor system is believed to be involved in the genesis of this type of 
experimental hypertension. In short, the results of studies on this sj’^stem 
have shown that renin is not itself a pressor substance because extensive 
purification yields an enz 3 'me-like substance without vasoconstrictor action 
in organs perfused with Ringer’s solution (2). Fractionation of blood 
produces a substance (renin-activator) which when added to the purified 
renin caused the reaction mixture to assume powerful vasoconstrictor prop- 
erties (3), The product of the interaction of renin and renin-activator was 
isolated, crystallized and named angiotonin (4, 5). Angiotonin also has 
an activator separable from blood (6). The kidneys form inhibitors to 
both renin and angiotonin (7). 

With these observations in mind, it was obviously important to demon- 
strate that the kidnej’^s of hj’^pertensive animals did in fact liberate renin 
and in amounts greater than from normal ones. Emplojdng normal kid- 
nej’s perfused with blood, Kohlstaedt and Page (8) found that reduction 
of pulse pressure led to the liberation of a substance from the renal vein 
which reacted with purified renin-activator to produce strong vasocon- 
striction. Since the reaction between renin and renin-activator appears 
to be specific, there was good reason to believe that angiotonin had been 
produced bj' the interaction of renin liberated from the perfused kidney 
and renin-activator added to the blood from the renal vein. Kidneys 
perfused at normal ])ul.se pressure liberated onh' small amounts or no 
renin. 

We have now studied the blood from normal kidneys and kidnej^s with 
their parenchyma constricted by the fibro-collagenous hull incited by cello- 
phane or silk perinephritis. Since it has been shown that injection of 
renin quickly exhaust.s the sui)ply of renin-activator present in normal 
blood (7), it would be anticipated that, if renin wore liberated in large 
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amounts from the kidneys^ blood from the renal vein would contain little 
renin-activator and excess renin. To demonstrate this, renin-activator 
was added to the plasma, the mixture incubated, and tested for angiotonin 
b}'' means of the perfused rabbit’s ear preparation. 

Methods. Hypertension was produced by application of cellophane or 
silk to the parenchjnna of the kidneys of normal and uninephrectomized 
dogs. In some animals the kidneys were transplanted up under the skin 
by the method of Page and Corcoran (9) to facilitate drawing of renal vein 
blood. 

After severe hypertension was established, renal venous and femoral 
arterial and venous blood samples were drawn, heparinized, and, after 
centrifuging, the plasma separated. The renin content of the plasma was 
ascertained by circulating a mixture of plasma with renin-activator, pre- 
pared by the method of Kohlstaedt, Page, and Helmer (10), through a 
rabbit’s ear perfused by pulsatile pressure with Ringer-Locke’s solution. 
Usually 0.2 cc. of plasma was mixed with activator in the proportion of 1 
to 17, incubated at 25°C. for 10 minutes and then injected into the per- 
fusing fluid. The plasma was also tested for its angiotonin- and renin- 
activator content by addition respectively of angiotonin and renin. 

Results. A^fliat we believe to be examples of typical experiments are 
given in table 1. 

Addition of renin-activator to plasma from the renal vein of normal 
dogs causes only moderate constriction, when the same amount of plasma 
or renin-activator alone causes none. But plasma from the renal vein of a 
h 3 ^pertensive dog, provided the hj'pertension is not malignant, on addition 
of activator causes 2 to 6 times as much constriction as normal. There is 
no great difference between femoral arterial and venous blood though 
often femoral blood appears to contain slightly more renin. Neither con- 
tain amounts of renin comparable with that in the renal vein. 

Addition of renin to plasma in the proportion of 1 part to 17 parts of 
plasma, produced a mixture with marked constrictor properties, the 
renal vein blood usually being somewhat less active than femoral venous or 
arterial blood. The femoral arterial blood from hj'^pertensive dogs pro- 
duced greater constriction than femoral blood from normal dogs. 

Addition of angiotonin to plasma caused marked vasoconstriction 
regardless of the origin of the blood, but femoral arterial blood from hyper- 
tensive animals gave distinctly greater than normal responses, with femoral 
venous blood next in order of potency. 

It is of especial interest that, in 3 dogs with the syndrome of malignant 
hypertension, addition of renin-activator to plasma from the renal vein 
caused little vasoconstriction, nor did addition of renin or angiotonin. 
Large amounts of renin were found in the renal vein of one dog early in the 
course of malignant hypertension. 
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TABLE 1 


The cjfect of addition of renin-actimtor, renin, and nngiolonin on the vasoconstrictor 
■properties of plasma from renal and other blood vessels when perfused 
through an isolated rabbit’s ear 


DOG 

ORIGIN OF 

1 RENIN-ACTI- I 

RENIN 

angiotonin 


B.P. 

7^0. i 

blood’ 

I VATOR added] 

ADDED 

ADDED 

CONDITIONS OP EXPERIMENT 


Reduction of flow through ear vessels 



TJim, 


TRin- 1 

per 1 

min- 1 

per 

mtn- 

per 



ifg 



cent 

vtes 

cent 

■utes 

cent 


1 

126 

R. R. V. 

i. 

2 

20 

n \ 

54 

3 

62 

Both kidnej’s explanted. 



F. V. 

t 

1 * 

20 

u 1 

60 

3 

70 

No anesthetic 



F. A. 

1 

4 

23 

2 

63 

4 

64 


1 

170 

L. R. V. 

7 

82 

1 

I ^ 

12 

2 i 

20 

Both kidneys explanted. 



R. R. V. 

1 

2 

20 

: 1 

38 

1 

28 

No anesthesia. Left 



F. V. 

1 

49 

1 

50 

1 

32 

renal artery con- 



F. A. 

1 

3 

4 

31 

u 

44 

li- 

39 

stricted 10 days before 

1 

178 

L. R. V. 


84 

4 

47 

4 

51 

Same 3 days later 



R. R. V, 

3 

49 

i 7 

65 

4 

46 




F. V. 

n 

47 

ilO 

81 

10 

90 




F. A. 

H 

40 

ilO 

! 

12 

77 


1 

182 

1 

L. R. V. 

1 

8 

94 


i 

i 



Same 4 days later 

i 

1 

i 


R. R. V. 

X 

2 

28 




i 


i! 

166 

L. R. V. 

3 

72 

1 

47 



Same 5 days later and 

1 


F. V. 

y 

2 

18 


56 



after right nephrec- 

i 


F. A. 


i 

3 

64 


i ; 

1 

tomy 

1 

166 

L. R. V. 

3 

81 

1 

16 

1 

32 

7 days after right ne- 



F. V. 1 

2 

72 

1 

60 

3 

59 

phrectomy 


i 

F. A. 1 

1 


21 

24 

79 

5 

65 

! 

1 

00 

o 

L.R.V. ; 

3 

57 


i 

i 

1 ^ 

17 

13 days after ncphrec- 



! F. V. ! 

U 

63 

i 


i = 

26 

tomy. Signs of ma- 



t F- A. ‘ 

i 

i 

22 



i 1 

47 

lignant hypertension. 
B.U.N. = 56 mgm. 

1 

180 

1 T.. R. V. 

2i 

57 



3 

'4 

24 

14 days after ncphrec- 


I 

1 

1 F. V. 

s 

2 

26 



i i 

26 

tomy. Anuria 


1 

1 

1 F. A. 

0 

0 i 


i 

i 1 

1 

39 

1 

i 102 

i 

i L. R. V. 

! 

; 2). 

42 ! 

3 

4 

i 34 

i 

\ 

25 

15 days after ncphrec- 


\ 

J 

1 F. A. 

! ^ 

i 10 

\ 

t ' 

li 

i 

[ 

1 39 

i 


51 

1 

tomy. .Inst after 

loosening clamp. 

B.U.N. = 133 mgm. 




• ' — - 

j 

\ 

i 



J 

Died 2 days later 
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TABLE 1 — Continued 


DOG 

D.r, 

ORIGIN’ OF 

REN’IN’-ACTI- 

RENIN 

ANGIOTONIN 

KO. 

BLOOD* 

VATOR ADDED 

ADDED 

ADDED 


CONDITIONS OP EXPERIMENT 


Malignant hypertension 



771771, 


TTiin- 

per 

' Tnin- 

per 

min- 

per 



Hg 


tiles 

cent 

ules 

cent 

vies 

cent 


2 

182 

R. R. V. 

8 

94 

X 

2 

33 



Lt. nephrectomy + Rt. 



F. A. 

2 

46 

1 

39 



silk 


Inferior vena 

5 

68 

1 

1 43 



Malignant hypertension 


cava 3 cm. 
above renal 




i 





veins 



1 



i 



Inferior vena 

3 

61 

1 

i 43 





cava above 




i 


1 



he 

patic veins 








3 

126 

L. R. V. 


54 





Malignant hypertension. 



F, V. 

1 

•4 

14 





Rt. nephrectomy + 

j 

j 

F. A. 

j 

X 

2 

17 

1 


i 

1 

! 


silk on Lt. kidney. 
B.U.N. = 32.0. Reti- 
nal detachment and 
hemorrhages obser. 2 
days before. 4 days 
before B.P. = 210 mm. 
Hg 

4 

140 

L. R. V. 

H 

30 

1 

31 

1 

36 

Right 4- left silk. Mai- 



R. R. V, ' 

1 

29 1 

2f 

54 


57 

ignant hypertension 



F. A. 

0 

0 1 

2 

47 


43 


5 

142 

F. A. 

j 

1 


1-1- 

20 

1 

12 

Malignant hypertension 

6 

202 

F. A. 

1 

1 


1 

2 

20 

X 

4 

29 

Malignant hypertension. 










B.U.N. = 21.5 mgm. 

7 

224 

F. A. 





1 

'2 

34 

Malignant hypertension. 




! 





1 

B.U.N. = 75.0 mgm. 

8 

88 

F. A. 



X 

40 

U 

44 

Both kidneys in cello- 







j 



phane. Malignant 

hypertension. B.U.N. 
= 90.8 mgm. 


Normal 
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TABLE 1 — Concluded 


DOG 

B.P. 

OHIGIN OF 

EENIK-ACn- 

RENIN 

ANGIOTONIN 

NO. 

BLOOD* 

VATOR ADDED 

ADDED 

ADDED 


CONDITIONS OF EXPEBIMENT 


Normal — Continued 

tnm. Tnin- per min- per min- per 

ffff utes cent vtes cent ufes cent 

12 120 L. K. V. 1 68 f 26 2^ 57 

R. R. V. i 30 55 

P. V. -1- 46 1^ 39 3 61 

F. A. ^ 18 2 43 3 64 

13 130 L. R. V. i 11 1 41 li 47 

F. V. f 19 U- 58 1 68 

F. A. -J 15 U 61 1 52 

14 240 L. R. V. i 31 2 70 

R. R. V. -2 40 

F. V. ^ 39 2 65 

F. A. ^ 48 2 78 


Renal hypertension 


15 

182 

L. R. V. 

2i 

79 


18 

H 

54 

Both kidneys in cello- 



F. V. 

i 

20 

2 

47 

4 

79 

phane. Anesthetized 



F. A. 


22 

5 

72 

31 

71 

with pentobarbital 

10 

180 

L. R. V. 

H 

46 

2 

70 



Both kidneys in cello- 



F. V. 

1 

40 

2 

72 



phane 



F. A. 

1 

42 

2h 

75 

21- 

58 


17 

182 

L. R, V. 

0 

69 

1 

29 

1 

41 

Rt. nephrcctom}’^ and 



F. V. 

u 

32 

1 

32 

n 

47 

Lt. kidney in silk 



F. A. 

1 

34 

3 

47 


48 


18 

200 

L. R. V. 




21 



Rt. nephrectomy and 



F. V. 



21 

48 



Lt. kidney in silk. 



F. A. 



51 

79 



Under pentobarbital 










anesthesia 

19 

172 

R. R. V. 

31 

78 

n 

61 

2 

47 

Rt. kidney cxplanted 



R. R. A. 


46 





Lt. nephrectomy. Rt. 



F. V. 

Ij 

49 

1^ 

57 

3 

51 

renal artery con- 



i F. A, 

1 

1 

54 

4§ 

74 

4 

68 

stricted 3 days before 

19 

1 170 

i R. V. 

8 

04 

3 

64 



Same 7 days after con- 

— 

] 

i F. V. 


47 

21 

59 



striction 


li. R. \ . nt left rennl vein, R, R, V. = right renal vein, F. V, «= femoral vein, 
i . A. *«> femora! artery. 


Normal dog under pento- 
barbital anesthesia 


Normal dog under pento- 
barbital anesthesia 


Normal dog under pento- 
barbital anesthesia 
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Discussion. From these experiments it appears that the demonstra- 
tion of renin in blood depends on the presence of suflacient renin-activator 
with which it can react to form angiotonin. If this is true, it is under- 
standable why many attempts to show that renin is liberated into the 
renal vein blood have failed. 

When renin is injected in large amoimts into animals, at least two 
reactions are provoked and either one or both may lead to neutralization 
of the pressor action of the renin (7). The first of these is exhaustion of 
renin-activator which is demonstrable in perfused isolated organs. The 
second is liberation of an inhibitor or anti-pressor substance from the kid- 
neys and muscle. In normal animals the amount of inhibitor to both 
renin and angiotonin appears to be high, in the hypertensive animal much 
less, and in the nephrectomized animal it is almost laclcing (6). This 
suggests that heightened susceptibility to angiotonin may be a vital cir- 
cumstance for the development of persistent arterial hjTiertension. 

When normal Iddneys are perfused at normal pulse pressure, little or no 
renin is demonstrable in the renal vein blood (8) but if the pulse pressure is 
reduced, large amounts are liberated as shown by the fact that addition of 
renin-activator causes marked vasoconstriction when the mixture of renal 
vein plasma and activator are perfused through a rabbit’s ear. We believe 
that liberation of renin in increased amounts has now been demonstrated 
from kidneys of animals made h 3 Tpertensive by perinephritis, and in two 
experiments, by constricting the renal artery (Goldblatt) . The amount of 
renin appears to diminish rapidly in its course through the circulation and 
by the time the blood has reached the femoral artery it contains at most 
only slightly increased amounts. This may be explained on the basis of the 
reaction of renin with renin-activator to produce angiotonin (4, 5). 

The amount of renin-activator in femoral arterial and venous blood 
apparently increases in hypertension (10) and is shghtlj’’ decreased in renal 
vein blood. This may be due either to an actual increase in production of 
activator, to decrease in the amount of inhibition, or both. Therefore, 
until it is possible to distinguish between increased amounts of activator 
and decreased amounts of inhibitor, no exact description can be given. 

Angiotonin-activator is present in the blood of both normal and hyper- 
tensive animals regardless of source, but greater than normal amounts may 
be found in femoral arterial and venous blood of hypertensive animals. 

The animals exhibiting the syndrome of malignant hypertension appear 
to be characterized by the fact that addition of neither renin nor angiotonin 
to plasma from the femoral vessels causes marked vasoconstriction. Since 
addition of activator does not greatly augment the vasoconstrictor action 
of the plasma, it may be surmised that the inhibitor content of the blood 
is elevated. In one animal (no. 2) relatively early in the course of the 
disease, addition of renin-activator to plasma from the renal vein caused 
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marked vasoconstriction, indicating liberation of renin. The plasma 
from the renal veins from 3 others (nos. 1, 3, 4) exhibited little more renin 
than normal. Femoral arterial blood was low normal or distinctly sub- 
normal in its angiotonin- and renin-activator content. 

CONCLUSIONS 

1. Renin is liberated into the renal vein in increased amounts by the 
kidneys of dogs made hypertensive bj’’ cellophane or silk perinephritis, 
and by clamping the renal artery. Most of it disappears by the time the 
blood has reached the femoral artery. 

2. Renin-activator is decreased in the blood from the renal vein and is 
increased in hypertensive animals when the femoral artery is reached. 

3. Angiotonin-activator is not greatlj’’ decreased in the renal vein blood 
but may be increased in the femoral arterial blood in h 5 "pertensive animals. 

4. Early in the course of malignant hypertension, large amounts of 
renin are liberated by the kidneys (1 experiment). Later, both angio- 
tonin-activator and renin-activator are greatly reduced or sufficient in- 
hibitor is formed to abolish the reaction between them and angiotonin or 
renin (7 experiments). 

I wish to express my appreciation to Mrs. Marian Norman and Mr. 
Roland Parker for technical aid in the execution of these experiments. 
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It has been shown bj" Kohlstaedt, Helmer and Page (1938) that renin 
itself is not a i)ressor substance iDut when it reacts with an activator con- 
tained in blood, prompt vasoconstrictor properties arc manifest. This 
is due, as shown bj" Page and Helmer (1939), to formation of a heat-stable 
substance which they have called angiotonin and from which ciystalline 
derivatives have been prepared. 

With the hope that some relatively simple biological test object could 
be found for semi-quantitative assay of the amount of activator in blood, 
studies were conducted on intestinal segments susiiended in Ringer’s 
solution. It is with these data that the present communication is con- 
cerned. 

Method. Rabbits were killed by a blow on the neck, a piece of intes- 
tine removed 15 cm. from the pylorus, and after gentle cleaning awaj" of 
intestinal contents, rings 2.5 cm. long cut. These were suspended in baths 
of 0 X 5 ’’genated Ringer’s solutioiP at 37°C. The baths were equipped with 
automatic temperature regulators and Avere of 40 cc. capacity. The 
renin employed Avas prepared by the method of Helmer and Page (1939). 
Plasma Avas prepared from heparinized blood and used Avithin an hour 
after the blood Avas draAvn. In several experiments no difference Avas 
obsei’A’^ed in fresh plasma and pla.sma AA'hich had stood 24 hours in the re- 
frigerator. 

The experiments Avere conducted as folloAvs. After the intestinal seg- 
ment AA'as contracting rh3ffhmicall3* and steadiliq 1 or 2 cc. samples of 

* Composition of Ringer’s solution: 

grams per liter 


Sodium chloride 9.0 

Potassium chloride 0.417 

Calcium chloride 0.24 

Magnesium chloride 0.062 

Sodium bicarbonate 4.0 

Dextrose 8.0 
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plasma were added to the bath to insure that the plasma itself contained 
no constrictor substance. The segment was then washed twice with 
Ringer’s solution and 2 cc. of renin added and allowed to remain for 5 min- 
utes. After washing the segment three times, 2 cc. of plasma were again 
added and the constrictor action recorded. Without further treatment 
with renin, plasma was repeatedly tested until it was certain that the 
response was relatively constant. Segments of the same intestine were 
tested simultaneously with normal and hypertensive blood in the two 
baths of the apparatus. 

In a few experiments, angiotonin jircpared by the method of Page and 
Helmer (1940) was used. 

Reaction of intestine to various constituents of the renin-angiotonin vaso- 
pressor system. Renin-activator prepared bj' fractional precipitation of 



Fig. 1. Contractor action of plasma from normo- and hypertensive patients on 
isolated rabbit’s intestine after treatment with renin. Number 1, 3 plasma (2 cc.) 
from patient with normal arterial pressure (114/70 mm. Hg);2, 4 plasma (2 cc.) from 
hypertensive patient (188/118 mm. Hg); 5, 0 renin (2 cc.) in contact with intestine 
for 7 minutes; 7, 0, 11, 13. 15, 17, 10 addition of normal plasma; 8, 10, 12, 14, 16, IS 
addition of hypertensive plasma. 

blood with polas.sium phosphate when added to the bath in amounts of 
I to 2 cc. caused no contraction of the intestine. Neither ultra-filtrates 
of renin or of renin-activator were active either alone or mixed. Boiled 
renin plus boiled renin-activator was also ineffective. But if renin (0.1 
cc.) and renin-activator (1.7 cc.) were mixed and added, immediate con- 
traction occurred. The ciuantitative a.spects of this reaction have been 
dealt with more fully by Page (1939). 

Pia.-ma (2 cc.) usually cau.'^es no contraction and renin (2 cc.) may or 
may not do so. Since pla.sma contains renin-activator, mixing renin and 
])lasrnu yields a cont ractor subst aiure. The cont ract or .substance is doubt- 
les-i angiotonin for angiotonin it.«elf cau.^^es marked and .riiarp contraction 
of the intestine when added to the bath. Furthermore, repeated doses of 
angiotonin sensitizt* the intestitie markedly, but treatment of tin* int(*.stine 
with angiotonin dot^s not cause it to respond when plasma is added sub- 
^e(jiif'ntly. 
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These reactions have been emplo3'ed as a basis for roughlj'’ estimating 
the amount of renin-activator in plasma. Renin is added to the tissue and 
then the excess washed awajL Wlien plasma containing activator is 
added, angiotonin is formed which causes the intestine to contract. It 

TABLE 1 


Contraction of intestine as a result of treatment with renin followed by plas7na from 

normal and hypertensive persons 


SUBJECT 

B 

CONTRACTION IN MILILIMETBRS OF INTESTINE AFTEH ADDING SUCCESSIVE 
DOSES OF FliASMA 


2 

3 

4 

5 

6 


Human hypertension 


mm. Hg 

■ 







Normal 

126/90 

mm 

0 

0 


0 

0 

1 cc. plasma 

Hypertensive 


■9 

14 

15 


17 

20 


Normal 

120/70 

0 

0 

0 


0 



Hypertensive 


20 

9 

8 


12 



Normal 

128/68 

0 

2 

2 

4 

2 

2 


Hypertensive 


0 

6 

9 

12 

9 

8 


Normal 

■RHTOiB 

1 

2 

1 

2 

1 



Hypertensive 

198/118 

36 

9 

13 

14 

20 



Normal 

bkBjI 

4 

0 

0 

0 

0 

0 


Hypertensive 

BB 

14 

8 

2 

13 

6 

26 


Normal 

115/70 

4 

4 

6 

5 

13 

12 

2 cc. plasma 

Hypertensive 

198/118 

12 

19 

19 

27 

30 

38 


Normal 

124/84 

5 

5 

3 

6 

5 

6 


Hypertensive 


11 

20 

23 

26 

24 

23 



Experimental hypertension 



MEANB.P. ' 

1 

1 







Normal 

128 

3 

0 

3 

0 

2 

3 

1 cc. plasma 

Hypertensive 

187 

16 

15 

18 

20 

19 

23 

Normal 

130 

0 

0 

0 

0 

0 



Hypertensive 

180 

7 

3 

10 

10 

10 



Normal 

135 

4 

4 

3 

3 

5 


3 cc. plasma 

Hypertensive 

190 

28 

20 

19 

21 

32 


Normal 

130 

5 

5 

3 





Hypertensive 

186 

12 

10 

14 





Normal 

122 

0 

8 

8 

5 




Hypertensive 

170 

1 

14 

13 

12 


i 



probably also sensitizes it to further angiotonin formation. Hence, when 
the first plasma is washed away and a second, third or fourth dose of plasma 
is added, without re-treatment of the tissue with renin, contraction occurs. 

Assay of -plasma of normal and hypertensive persons and dogs. The bloods 
assayed were drawn from patients with typical essential hypertension and 
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from dogs with hypertension produced by the perinephritis method of 
Page (1939). 

In plasma of both hypertensive persons and dogs, there appears to be 
greater activating power for renin than in normal blood (table 1). 

Discussion. Intestinal segments react with contraction to many sub- 
stances or to changes in the conditions of the experiment. It is for this 
reason important to keep the conditions constant and to demonstrate 
that the reaction being tested is a specific one. These conditions have, we 
believe, been fulfilled in these experiments. 

One other circumstance must, however, be kept in mind in interpretmg 
these results. Page and Helmer (1940) were able to demonstrate the oc- 
currence of an inhibitor to renin and angiotonin in blood of normal animals. 
It is therefore possible that instead of renin-activator being increased m 
hypertension, the amount of inhibitor is reduced. At present there is no 
way to decide between the alternatives, or the third one, that both may 
occur. Since nephrectomy appears to abolish one chief source of inhibitor, 
it is possible that lack of inhibitor causes increased activating power of 
hypertensive plasma. 

It is probable that, under the experimental conditions described, renin 
is adsorbed by the tissue and, when renin-activator is added as contained 
in plasma, interaction occurs with liberation of angiotonin. Angiotonin 
causes the intestine to contract. Being water-soluble and easily diffusible, 
it is dissipated when the tissue is washed but enough renin is retained 
in the tissue to react with the next dose of renin-activator. Since angio- 
tonin sensitizes the tissue, it is able to respond to smaller amounts of it. 
Addition of angiotonin itself is unable to produce the phenomenon because 
it is wa.shed away with each washing of the tissue. 

Pla.sma from certain hyiiertensive persons and from dogs with cello- 
phane perinephritis and hypertension exhibits greater than normal power 
to activate renin. This adds one more bit of evidence suggesting that 
the humoral mechanism responsible for essential hypertension in human 
beings is similar to that in dogs with experimental hypertension. It also 
confirms, by an entirely different method, Kohlstaedt, Page and Helmer’s 
(1940) observation that the renin-activating power of pla.sma is increased 
in experimental hypertension. 


CONCnUSIONS 

1. The reaction between renin and renin-activator is a specific one and 
the product of this reaction — angiotonin — causes strong conl.raction of 
isolated intestinal segments. This reaction has been employed to ascerl ain 
the renin-activating power of pla-^ma. 

2. Hepariniz(-d ida.'^ina derived from blood of .some patients with essen- 
tial hypertension causes greater renin-activation than does normal human 
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blood. Plasma from dogs with experimental hypertension also exhibits 
this heightened power compared with plasma of normal dogs. This 
suggests that the humoral mechanism in the two types of hypertension 
have much in common and that the hypertensive either has increased 
amounts of renin-activator in the blood, or decreased amounts of renin- 
inhibitor, or both. 

I wish to express my appreciation to Joseph L. Haug for technical assist- 
ance. 
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The experiments on the effects of local heat and cold upon cervical lymph 
flow (McCarrellj 1939-1940) suggested a further study of lymph forma- 
tion and movement as a result of general heating and cooling of the body. 
The recent therapeutic use of hyperthermia and hypothermia has stimu- 
lated interest in the physiological changes, particularly those involving 
the circulatory system, brought about by abnormally high or low body 
temperatures. That alterations in lymph flow probably occur as a result 
of these circulatory changes has often been inferred, but actual expeii- 
mental proof is meager. Otsuka (1936) reports an increase in thoracic 
duct flow in dogs after the injection of typhoid vaccine or 'Thermin." 
The highest temperature recorded was 41.1°C., and the lymph flow reached 
its maximum and fell off before the height of the fever was attained. 
No literature has been found on the subject of lymph flow during hypo- 
thermia. 

The present study deals with the changes in lymph flow and protein 
content that occur in anesthetized dogs and cats subjected to high or to 
low environmental temperatures under such conditions as to cause pro- 
found body temperature alterations. The lowest body temperature ob- 
tained was 25°C., the highest 45°C. The experiments were acute, and 
thus no attempt has been made to determine the effects of prolonged 
exj^osure to extreme environmental temperatures. 

Mkthod. The experiments were carried out in an air-conditioned room 
in which temperature and humidity could be controlled at will. The ani- 
mals wore anesthetized by an intraperitoneal injection of nembutal (40 
mgm. per kgm.). The right and left cervical lymphatics and the thoracic 
duct were cannulatcd at the base of the neck. The snout of the animal was 
nttaclied by rubber bands to three metal uprights at the head of the ani- 
mal board and by a double length of twine to a motor driven crank. As 
the crank revolved, the head was .slowly flexed and extended, and thus a 
constant flow of cervical Ijunph was produced. The lymph, removed 

' Hubaiitti'd in partial fulfillment of tlie roquiromcnls for the degree of Doctor of 
I’iiilfHophy in HadrIifTe College. 
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from the cannulae during definite periods of time (10 or 15 min.), was 
collected in weighed tubes. The tubes were reweighed and the lymph 
flow calculated in grams per minute (thoracic duct) or in milligrams per 
minute (cervical) . Protein percentage was determined refractometrically 
in all cervical lymph samples and in a few thoracic duct samples. The fat 
content of the latter was generally so high that accurate refractometric 
readings were impossible. The details of the above procedures have been 
described previously (hlcCarrell, 1939). 

Before beginning lymph collections, the animal was given 300 to 500 cc. 
of warm saline solution by stomach tube to assure an adequate supply of 
water. Body temperature was recorded by a merciuy thermometer, the 
bulb being inserted into the abdominal cavity through a small slit in the 
abdominal wall and secured mth a purse string suture. In the majority 
of the experiments, subcutaneous temperatures of the head were obtained 
vdth a mercury thermometer sewed in place under the skin of the left 
cheek. Venous pressure was measured at intervals in the right external 
jugular vein by means of a hypodermic needle attached to a saline-fiUed 
manometer. Mean arterial blood pressure was recorded from the femoral 
artery with a mercury manometer, and pulse pressure with a membrane 
manometer. An intravenous injection of 1 cc. of a 1 per cent solution of 
curare was given at the beginning of each experiment to prevent alterations 
in lymph flow due to panting or shivering. Artificial respiration was 
administered through a tracheal cannula. 

Each animal was prepared and a preliminary control period carried out 
at a room temperature of 25 to 28°C. For the heat experiments, the room 
temperature was then raised as quickly as possible to 40 or 45°C., 30 to 35 
minutes being necessary to accomplish this. The high external tempera- 
ture was maintained for periods ranging from to 3| hours, depending 
upon the type of experiment. In some cases the room temperature was 
reduced to the control level as soon as significant changes in lymph flow 
were observed; in others, the heating Avas continued and the body tempera- 
ture allowed to rise until circulatory collapse developed and the animal 
died. The average relative humidity of. the room an was 11 per cent. 

For the cold experiments the room temperature AA^as reduced to about 
10°C. by draAving cold outside air through the A'^entilating system. The 
animals Avere subjected to this cool enviromnent for periods ranging from 
2 to 3| hours. Curare preA'^ented shivering and the body temperature, 
Avhich decreased gradually, reached minimum values of 25.6 to 29.7°C. 
before the experiments were terminated. 

Nine dogs and two cats Avere studied under conditions of hyperthermia, 
and three dogs during hypothermia. 

Results. 1. Heat. In these artificially respii'ated animals, panting 
was abolished by curare and the mouth was tightly closed Avith the twine 
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attaching the snout to the revolving crank. Thus the evaporation of 
moisture from the surfaces of the mouth and respiratory passages— the 
principal method of heat dissipation in dogs and cats — was reduced to a 
minimum. Under these conditions the body temperature began to rise 
soon after the room temperature was increased. The rise continued as 
long as the enAuronmental temperature remained high, and, unless checked, 
led to circulatory collapse and the death of the animal. 

The control period values for thoracic duct lymph flow in dogs ranged 
from 0.198 to 1.486 grams per minute; in one cat it Avas 0.134 gram per 
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Cervical lymph flow and protein per cent during progressive hyperthermia 
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minute. The flow tended to remain constant throughout the heating 
period up to the time of collapse, although in some experiments vide fluc- 
tuations occurred. A change Avas sometimes noted just before the death 
of the animal, but the direction of the change A\'as not consistent. No 
general statement can be made as to the effect of hyperthermia on thoi’acic 
duct flow or protein content. 

f 1 k! cfTA’ical lymph floAv, on the other hand, show'cd clear-cut changes .at 
two .‘separate critical !e\-els of bodj' temperature. Table 1 summarizics 
rr-mlts obtainc'd from the individual c.xperiments. As the body tempera- 
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ture increased, cervical lymph production remained the same or less than 
the control period values until the first critical temperature zone was 
reached. At this point the flow began to increase, and attained values 
that were 1.4 to 4.5 times the original amounts. This increase was first 
noticed in dogs at bod}’- temperatures ranging from 38.3 to 41.1°C. Sub- 
cutaneous temperatures of the head were 0.3 to 0.6°C. higher than the 
corresponding temperatures in the abdominal cavity. The protein per- 
centage decreased slightly as the lymph flow became more abundant. 
Reducing the body temperature restored the lymph flow to control values. 
One of the two cats failed to show a first critical temperature, the lymph 
flow remaining at the control level until collapse occm’red. The second cat 
reacted similarly to the dogs, with a definite increase in ceiuucal flow 
at 39.8°C. 

K the body temperatui’e continued to rise, the cervical flow was main- 
tained at this higher level until a second critical temperature zone was reached 
at 41.9 to 43.5°C. At this point a tremendous increase in the cervical flow 
occurred, with ultimate values 3 to 18 times the control amounts being 
obtained. This augmented flow was characterized by a marked decrease 
in the percentage of lymph protein, the percentage at the height of the flow 
being approximately one-half that of the control period. The lymph flow 
fell off sharply just before death. The latter occmTed in both dogs and 
cats when the body temperature reached 45.3 to 45.7°C. 

Certain circulatory changes were brought about by the rising body tem- 
peratme. An initial temporary decrease of mean arterial blood pressure 
occurred in some of the animals at the onset of the heating period, and was 
in most cases accompanied by a transitory decrease in pulse pressm’e. As 
the heating period continued, the mean arterial pressure and the pulse 
pressure in the majority of the animals showed gradual increases. At the 
time of the first lymph flow increase, the arterial pressure rise amounted to 
6 to 35 mm. of mercmy; that of the pulse pressure, 4 to 23 mm. of mercury. 
The arterial pressure in one dog failed to change, and in another dog exhib- 
ited a gradual decrease which continued throughout the experiment. 
The pulse pressure increased in all the dogs, decreased in one cat, and 
showed no change in the other cat. No correlation could be found be- 
tween the relative amount of cervical lymph production and the relative 
pressm'e changes. No significant alterations of venous pressm-e were 
evident dm’ihg'this early period. 

The circulatory changes occurring at the time of the second critical 
temperature were spectacular and quite uniform throughout the entire 
experimental series. The mean arterial pressure, which had remained the 
same or increased slightly above the level attained at the first lymph flow 
increase, exhibited a marked progressive fall at the time of the second 
tremendously augmented flow. The pulse pressure, likewise, began to 
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decrease at this time. The venous pressure increased 2,2 to 5.4 cm. of 
salt solution above the previous levels and then fell off rapidly as the 
circulatory collapse, which eventually caused the death of the animal, 
progressed. 



Fig. 1. Circulatory and cervical lymph data during progressive hyperthermia. 
A, venous pressure in centimeters of saline; B, mean arterial blood pressure in milli- 
meters of mercury; C, pulse pressure in millimeters of mercurj'^; D, body temperature 
in degrees Centigrade; .F, room temperature in degrees Centigrade; F , cervical Ijunph 
protein per cent; G, cervical Ij’mph flow in milligrams per minute. First critical 
temperature 38.8°C. ; second critical temperature 43.3°C, See text. 

Fig. 2. Circulator 3 ' and cervical Ij’mph data during progressive hypothermia. 
A, venous pressure in centimeters of saline; B, heart rate per minute; C, mean arterial 
!)lood pressure in millimeters of mercurj* ; D, pulse pressure in millimeters of mercury ; 
H, body tcmperatvirc in degrees Centigrade; F, room temperature in degrees Centi- 
grade; G, cervical i\-mph protein per cent; IJ, cervical h'mph flow in milligrams per 
minute. 

Figure 1, from data obtained during experiment number 0, show.s the 
typical circulatory and cervical lymph changes which took place as the 
hwly ternpf'rattire wa.s gradually raised to a lethal level. 

2. CM. Xo striking changes were noticed in the cervical lymph flow 
:l< the bodj' temperature decrea.«ed from approximately 38°C. to a mini- 
mum of 2’j.O^C. Subcutaneous temperatures throughout the cooling 
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period were 1 to 3 degrees lower than the corresponding abdominal cavity 
temperatures. There was a tendency for the flow to become slightly less 
and the protein percentage slightly higher than the control period values, 
but this situation is not uncommon when lymph is collected over a period 
of several hours. No conclusions could be drawn vdth regard to thoracic 
duct flow. 

The circulatory manifestations, with the exception of the heart rate, 
were surprisingly inconspicuous, considering the magnitude of the body 
temperature change. The heart rate began to decrease at a body tempera- 
ture of 35 to 36°C. and the rate became progressively slower as the hypo- 
thermia continued. Mean arterial pressure, pulse pressure, and venous 
pressure exhibited no consistent or significant alteration. Figure 2 
represents the results of one typical experiment. 

Discussion. It is generally agreed that dilatation of peripheral blood 
vessels is a fundamental physiological reaction to an increased environ- 
mental temperature. Bazett (1938a) lists the factors which may cause 
this dilatation as: 1, the direct effect of heat on the vessels; 2, a reflex 
inhibition of vasomotor tone due to stimulation of surface receptors, and 
3, inhibition of vasomotor tone through a temperature rise in the hypotha- 
lamic region. Vasoconstriction, with absorption of fluid in the splanchnic 
area, in addition to contraction of the spleen are compensatory mechanisms 
brought into action at the same time in an attempt to maintain an adequate 
blood supply to essential organs (Bazett, 1938b). 

The rise in cervical Ijunph flow occurring at the fii-st critical temperature 
(38.3 to 41.1°C.) I believe is due to an accelerated rate of capillary filtra- 
tion. This is brought about, first, by arteriolar dilatation which increases 
the capillaiy pressure, and secondly, by capillary dilatation which enlarges 
the area available for filtration. Landis (1934) reports these as normal 
responses in a heated area. This shift of capillary fluid which leads to a 
greater flow of more dilute lymph, often at a body temperature only slightly 
above normal, may explain the heat edema sometimes noticed in the tropics 
and may be a factor in the common summer experience of swollen hands 
and feet. 

The circulatory collapse exhibited in the present experiments was similar 
to that described for dogs subjected to excessive moist heat (Hartman and 
Major, 1935) and for humans who have collapsed, sometimes fatally, during 
or after hyperpyreida treatments (Kopp and Soloman, 1937). Kopp and 
Soloman consider this condition an example of a typical shock s 3 mdrome. 
There is such marked dilatation of capillaries, arterioles, and veins that 
the normal compensatory mechanisms are overshadowed and an extremely 
serious condition develops. An inadequate venous return leading to 
stasis and anoxemia increases capillary permeability and causes the loss 
of an abnormal amount of fluid from the blood stream. Kopp and Solo- 
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man state that collapse occurred in their human cases at a body tempera- 
ture of 106°F. (41.1°C.) or above. This is somewhat lower than the 
minimum collapse temperature for dogs and cats. However, circulatory 
distress in humans undergoing hyperthermia treatment can be augmented 
by uncompensated fluid loss through skin and lungs. Gibson and ICopp 
(1938) And this loss may range from 6 to 32 per cent of the plasma volume. 
Reduction of blood volume in this manner was not an important factor in 
the experiments under discussion. Collapse in these dogs and cats was 
caused by a reduction in the efiective blood volume due, first, to the loss 
of fluid with the increase in capillary permeability, and secondly, to the 
uncompensated vascular dilatation. 

In two instances, attempts were made to relieve the symptoms of circu- 
latory collapse by reducing the body temperature and at the same time 
administering large amounts of fluid intravenously. In one experiment 
the body temperature had reached 43°C., arterial pressure had dropped to 
85 mm. of mercury, and cervical lymph flow was sho\\dng a characteristic 
increase. The room temperature was then reduced to 25°C., and with the 
aid of wet cloths and a fan the body temperature was lowered to 38°C. 
During this time, 400 cc. of Ringer’s solution were given intravenously. 
The experiment was terminated too soon to determine lasting effects, but 
a fair circulatory recovery was obtained and the animal seemed in good 
condition. In a similar exjDoriment with a higher body temperature 
(44.8°C.) and a lower arterial pre.ssure (65 mm. Hg) recovery was in- 
complete even with the intravenous injection of 600 cc, of a 6 per cent 
acacia solution. Tliis illustrates the rather narrow margins concerned 
when dealing with a condition as serious as heat shock. 

The tremendously increased lymph flow which appeared in the early 
stages of collapse must have been due, first, to temporary venous pressure 
rise which would tend to increase capillary pressure, and secondly, to an 
iticreased capillary permeability caused by stasis and anoxemia. The 
volume of lymph was so great that a protein percentage increase, usually 
indicative of definite capillary damage, was not apparent. 

The findings of Yannctt and Dai-row (1938) indicate a further possible 
.«ource of fluid which might eventually contribute to lymph production. 
'1 hey found that a shift of water from brain cells to extracellular fluid 
occurred in cats with rectal temperatures 4 to 6°C. above normal. There 
were no .‘jignifieant changes in liver or muscle and no determinations "were 
done on subcutaneous tissue. 

1 he first reaction to e.xposurc to cold is vasoconstriction of peripheral 
v( h--e!'-. f his reduces blood flow and, therefore, the loss of heat from the 
irrUrhue of (he body. If the skin temperature becomes low enough (0 to 
enpillrun- dilatation and hyperemia, as described by Lewis (1927), 
jnay o^cur. Apparently, (rapillary conditions, even at a minimum body 
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temperature of 25°C., are not sufl&eiently altered to cause changes in the 
amount of capillary fluid transudation that can be detected in the cervical 
l3Tnph flow. 

Hamilton and Barbour (1925) placed dogs on blocks of ice, and report 
that the muscle and subcutaneous tissues of the cooled side had a greater 
water content than the uncooled side. Landis (1934) remarks that the 
difference may have been due to gravity. No temperatures were given, 
and it is possible that the skin temperature may have become sufficiently 
low to cause capillary dilatation and h3Tperemia. Hamilton, Dresbach 
and Hamilton (1937) subjected rats and kittens to severe hypotheimia, 
and, with the exception of a slowed heart rate and loss of spontaneous move- 
ments, found no marked physiological changes at body temperatures as 
low as (23.9'’C.). At 65°F. (18.3°C.) or less, they report a marked 
subcutaneous edema mth profound disturbances of the nervous, vascular, 
and respiratory systems. The edema shown by these animals was un- 
doubtedly an expression of the circulatory disintegration that occurs as a 
lethal temperatm'e is approached. Jackson and Alonge (1934) found that 
62 per cent of a large group of rabbits exposed to extreme cold died when 
the body temperature fell to 19°C. 

In the new hypothermia treatment for cancer (Smith and Fay, 1939), 
with rectal temperatures reduced to 85 or 90°F. (29 to 32‘’C.), it is probable 
that the Ijunphatic cumulation may be reduced to some extent, but it is 
believed that any effects of the low body temperature in this respect are 
not pronounced. 


SUMMARY 

Nine dogs and two cats, anesthetized and curarized, were subjected to a 
high environmental temperature (40 to 45°C.) at an average relative 
humidity of 11 per cent. The hyperthermia thus produced caused marked 
circulatory changes culminating in circulatory collapse and death at 45.3 
to 45.7°C. Cervical lymph flow increased and protein percentage de- 
creased at two critical body temperature levels. The first rise, which 
amounted to 1.4 to 4.5 times the control values and which occmred at a 
body temperature of 38.3 to 41.1°C., was due to an increase in the rate of 
capillary filtration caused by peripheral hyperemia. The second increase 
in cervical lymph flow, amounting to 3 to 18 times the normal, appeared 
at a temperature of 41.9 to 43.5°C., was coincident with the beginning 
of circulatory collapse, and was caused by a tremendous increase in 
capillary filtration resulting from a high venous pressure and from capil- 
lary stasis and anoxemia leading to injury to the capillary endothelium. 

Cervical lymph flow in three dogs subjected to low envhonmental 
temperatures (10°C. minimum) failed to be significantly altered when the 
body temperature was reduced to a minimum value of 25.6°C. With the 
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exception of a decreased heart rate, circulatory changes were not pro- 
nounced at this degree of hypothermia. 

Thoracic duct flow tended to be so variable that no conclusions can be 
drawn as to the possible influence of changes in body temperature on its 
production. 

The writer vnshes to thank Dr. Cecil K. Drinker for suggesting this 
problem and for his advice dming its execution. Miss Hope King’s 
assistance is also much appreciated. 
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The lyjiphatic supply of the heart. In a recent anatomical paper, 
Patek (1939) has summarized the literature upon the cardiac lymphatic 
vessels, and then has added very thorough observations made by modern 
injection methods in the normally beating heart of the dog. Patek’s 
findings were as follows; 

1. There is a plexus of large and small lymphatic capillaries under the 
epicardium, the larger vessels lying practically upon the muscle and 
receiving afferents from the myocardial lymphatic plexus. The subepi- 
cardial vessels emptj’- into drainage trunks which accompany the coronary 
Ifiood vessels. These drainage trunks eventually unite into a single trunk 
which drains the entire heart and leaves it on the anterior surface of the 'pul- 
monary artery. Valves occur in the draining lymphatics, but are rare in 
the subepicardial lymphatic capillaries. 

2. In the m 3 ’'ocardium there is an extensive plexus of lymphatics, the 
smallest being about three times the diameter of the blood capillaries in 
the same region. There are no collecting trunks in the myocardium, and 
all the lymph in these vessels passes into the large subepicardial lymphatic 
capillaries on the outer surface of the heart muscle. The myocardial 
lymphatic plexus is very uniform in density from the subendocardial to 
the subepicardial vessels, and valves are rare. 

3. The thu'd plexus of lymphatic capillaries is subendocardial and drains 
into the myocardial plexus. Valves are uncommon. 

In summary, lymph formed in any part of the beating heart passes to 
the subepicardial plexus and then into the valved draining trunks. The 
movements of the heart must force lymph in the three systems of lym- 
phatic capillaries in various directions, but since they are all connected and 
since there is but a single way for lymph to leave the heart, there is ap- 
parently steady drainage into the large valved trunlcs which accompany 
the coronary vessels and unite into the final single cardiac lymphatic. 

In our experiments, we haA^e cannulated this lymphatic after it emerges 
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from the pericardium and before it enters a very constantly placed lymph 
node shoR-n in figure 1. We believe that the lymph collected by means 
of this cannula represents the complete lymph flow from the heart and 
from no other structures. Our reasons for this belief are as follows: 

a. Alterations m flow and composition of lymph taken from the can- 
nula follow immediately upon changes in cardiac activity. 

h. Tiflien dyes are injected in the heart, we have found them in this 
l 3 TOphatic alone. Furthermore, vdth a cannula in the cardiac lymphatic 



Fig. 1. Diagrammatic sketch of the anterior surface of the dog’s heart and cer- 
tain of the great vessels. 1, superior vena cava; 8, innominate artery; S, cardiac 
lymphatic cannulated just prior to entering tlie cardiac lymph node. 

Fig. 2. Normal flow of cardiac lymph. Ordinates, milligrams of lym])h per min- 
ute and arterial blood pressure; abscissae, time in hours. 


so that connection between this ves.scl and the thoracic duct is broken, no 
dj'e appears in (dtlier the thoracic or right ly^mphatic ducts after such 
injection into the heart mu.sclc. 

c. "W e have considered that Ij'mph from the lungs might be mixed with 
the cardiac hanph, but have been unable to devise acute injection experi- 
ment.s whicli would jtrove tliis point. But on a single occasion an ex- 
l)crimf ntal dog showed pronounced pulmonarj' anthracosis, arid Ij^mph 
nodr”.s at, tin; root of the lung were cpiitc black, being fdlcd tvith jtigment 
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carried to them by the lung lymphatics. On careful histological examina- 
tion Muth the polarizing microscope, there were many fine unphagocytosed 
particles of crystalline silica in the pulmonary node and none in the cardiac 
node. It may be said that all particles were filtered out in the pulmonary 
node and that clear lymph from the lungs reached the heart node, but in 
the case of finely divided crystalline silica this does not happen. The 
material is not taken wholly effectually by phagocytes, and where two 
nodes are in series the second invariably receives a quota; and since these 
highly retractile particles are so easily recognized by the polarizing micro- 
scope, conclusions as to their absence are entirely safe and we believe this 
accidental finding, which must have followed a long period of dust inhala- 
tion, is important evidence that the cardiac lymphatic we have cannulated 
carries lymph from the heart alone. 

Experimental technique. Dogs of above 10 kgm. weight are de- 
sirable, but in all work upon the lymphatics it soon becomes evident to 
the experimenter that the size of lymphatics and the degree of lymph 
flow are not wholly dependent upon size of animal. Anesthesia is accom- 
plished by intravenous injection of nembutal, repeated in small amounts 
as required. 

After tracheal cannulation and establishment of artificial respiration, 
the thorax is opened by removal of a section of the first three ribs about 
three or four centimeters from their sternal connections. The mammary 
arteries are then tied and the sternum sawed through just below the third 
rib, a block tie being passed around the lower end of the sternum to pre- 
vent venous oozing. This operation exposes the base of the heart and the 
great vessels. If any considerable amount of thymus tissue is present 
it should be removed, but usually the thymus does not extend as low as 
the site of cannulation of the cardiac Ijunphatic. This vessel is located by 
means of the cardiac lymph node, and its discovery will be greatly facili- 
tated if bleeding into the loose tissues of the mediastinum has been thor- 
oughly checked so that the operative field is clean. 

In the beginning of our experience we found the vessel by the injection 
of a blue dye, T-1824, into the cardiac muscle, making a small hole in the 
pericardium and injecting into the muscle of the right ventricle by means 
of a fine needle. This injection vdll be necessary for any one who begins 
to look for this lymphatic, since it is embedded in fat and loose connective 
tissue, and, uninjected, is not easily seen save through the light of experi- 
ence plus low-power binocular magnification. The vessel is usually about 
of the diameter of an ordinary pin. It is cleaned and tied, and then 
swells somewhat, which facilitates the incision for cannulation. The fine 
cannulae used are made of pyrex glass, 4 mm. in outside diameter and 
from neck to end arc 7.5 cm. in length. The movements of the heart 
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and great vessels are always disturbing, but if the cardiac lymphatic is 
freed sufficiently cannulation can usually be accomplished, and the length 
of the cannula permits fastening it loosely in place by a stay suture in 
the left edge of the thoracic wovmd. The tip of the cannula in the cardiac 
l 5 Tnphatic often rests upon the innominate artery and moves continuously 
during the several hom’S of the experiment. It has been a surprise to us 
that in spite of this, neither breakage of the lymphatic nor even small 
leaks of lymph have occurred imless brought about by our ovm manipula- 
tions in the course of the experiment. 

Finally, in order to prevent coagulation of the lymph, a fine wn-e with 
a loop at the lower end about 2 mm. in diameter is dipped in dry heparin 
and placed in the cannula. Lymph leaving the cardiac lymphatic slowly 
dissolves this heparin, and clotting, always a difficulty in such work, ceases 
to need consideration. 

Tiffiile the cannulation is in progress and in order to be sure the animal 
is thoroughly supplied with water, 20 cc. per kilogram of Ringer’s solution 
are given intravenously. Follovung such an injection, for reasons we 
cannot explain, lymph flow is not always rapid, but failure of flow cannot 
be ascribed to a lack of water in the tissues. In all cases femoral arterial 
blood pressure has been taken, usually with both a membrane and a 
mercury manometer. 

Pressure measurements in the cardiac lymphatic were made by attach- 
ing a glass tube to the cannula in the cardiac l 3 unphatic. They arc thus 
maximal end pressures and give no idea of the noimal side pressure in the 
vessel. 

Flow of IjTuph was determined by pipetting lymph from the cannula 
into weighed tubes, usually through 10 minute periods, and then weigh- 
ing. Occasionally, with free lymph flow, sampling periods were less, and 
with low lymph flow greater. Lymph protein and blood protein concen- 
trations were determined by means of a Zeiss dipping refractometer, with 
frequent checks through micro-Kjeldahl analyses. In analysing for al- 
bumin, globulin was precipitated with 22.5 per cent sodium sulphate, 
filtered off, and the nitrogen determined b}*- micro-Kjeldahl analysis, a 
modified Prcgl apparatus being used for distillation. Globulin was deter- 
mined by difference. The colloid osmotic pressures •were measured by 
means of the Hepp micro-o.smometcr as described by Peters and Saslow 
(1939). Chlorides were determined by the method of Manery, Danielson 
and Hastings (1938). 

LxrEuntEN'TAE RESULTS. Tkc Jlow of cordioc lymph. Figure 2 il- 
lustrates an experiment showing the flow of cardiac lymph per minute and 
the arterial blood pressure over four hours’ time. It is typical of many 
which show how tiniformh' the heart produces lymph w'hile circulatory 
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conditions remain constant. The dog was a young adult, and the heart 
weighed 85 grams. In table 1 are found figures for the average flow of 
cardiac lymph taken from ten experiments which were technically entirely 
satisfactor 3 ’'. All these animals were young adults apparently in the 
best of health, and all had an intravenous injection of 20 cc. of Ringer’s 
solution per kilogram of bodj’’ weight prior to beginning lymph collections. 
The table permits no con'elations between lymph flow and other possible 
factors such as body weight, heart weight, etc. It merely'’ gives the 
average production of lymiph from a single working organ profusely sup- 
plied with blood capillaries and lymphatics and under constant working 
conditions. 

When the work of the heart is increased by intravenous injections of 
adrenin or ephedrine, lymph flow increases promptly and often to a sur- 


TABLE 1 


Average flow of lymph from the heart in ten dogs 


NUMBER OF 
EXPERIMENT 

■WEtGHT OF 
ANTMAli 

vrmouT OP 
HEART 

BLOOB 

BBESSITRE 

1 

AVERAOE 
LTMPH FLOW* 
PER MINUTE 

AVERAGE LYMPH 
FLOW PER , 
MINUTE PER 
ORAM HEART 


hgm. 

flm. 

mm. Hg 

mgm. 

mgm. 

1 

8.0 

77.0 

142 

5.20 

0.0675 

2 

11.8 

111.0 

129 

7.72 

0.0694 

3 

11.8 

94.0 

94 

8.65 

0.0920 

4 

11.8 

91.0 

130 

9.38 

0.1030 

5 

14.6 

114.5 

112 

9.76 

0.0852 

6 

11.0 

85.0 

160 

10.47 

1 0.1230 

7 

14.0 

102.0 

104 

15.78 

0.1547 

8 

14.4 

91.0 

120 

15.81 

0.1737 

9 

11.0 ' 

97.5 

140 

27.27 

0.2786 

10 

11,5 

91.5 

112 

27.56 

0.3012 

1 


prising degree. Figure 3 is a chart of an experiment in which after one 
and one-half hours of normal conditions an intravenous injection of 130 
mgm. of sodium nitrite was given. Blood pressure and lymph flow fell 
slowly. Toward the end of the third hour a dose of ephedi’ine (13.0 mgm.) 
was given intravenously. There was an immediate increase in cardiac 
activity, blood pressure, and lymph flow. In other experiments in which 
ephedrine was injected, the lymph flow remained high during the period 
of action of the drug. As may be anticipated, exactly similar results but 
more transient were obtained with adrenin. 

Pressure in the cardiac lymphatic. We have measured the maximal pres- 
sure of the cardiac lymph in two animals by the simple expedient of at- 
taching a narrow glass tube to the cannula in the cardiac lymphatic. 
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In one instance the pressure rose to 14.1 cm. of lymph. In the second, 
Avith a mean blood pressure of 112 mm. of mercury, it was 15.5 cm. of 
lymph, and as a result of an intravenous adrenin injection rose to 18.6 
cm. of lymph. 

The coTnposiiion of cardiac lymph. The amounts of l;yTnph which can be 
collected in experiments such as we have described are often too small to 
permit a reasonably complete series of quantitations. One of our prin- 
cipal interests has been the percentage of protein in the lymph. This has 
been measured in 18 experiments on different dogs, and frequently many 
times in the same experiment. Our lowest figure for cardiac lymph was 
2.50 per cent, the highest 4.73 per cent, vfith an average of 3.69 per cent. 



Fig. 3 Fig. 4 

Fig. 3. Cardiac lymph flow, blood pressure, and per cent of lymph protein in a 
dog given sodium nitrite and ephedrine. Ordinates, lymph flow in milligrams per 
minute; abscissae, time in hours. At arrow 1 on abscissa, 130 mgm. sodium nitrite 
intravenously; at arrow 2, 13 mgm. ephedrine sulphate. 

Fig. 4. Plasmapheresis and cardiac lymph flow. At the arrows 1, 2, and 3, blood 
was removed and rvashed red cells reinjected. 

In table 2 wc have listed experiments upon which we have been able to 
make a number of analyses, and of the animals in this table, nos. 5, 6, 7, 
and 10 appear in table 1, which deals with the amount of lymph flow per 
minute in the.se animals. The discussion of certain of the implications of 
the figures in table 2 is best reserved until the presentation of further 
data. It may, however, be pointed out that cardiac l 3 unph, like Ijunph 
from all other parts of the body, contains the blood proteins, and clots; 
and that the pericardial fluid, which in addition to filtration through the 
walls of the blood capillaries, has also passed through a considerable 
fraction of the epicardium or pericardium, contains the blood proteins, and 


BLOOD PftOTEJN 

pea cent 
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clots, and is merely a slightly diluted lymph (Maurer, Warren and 
Drinker, 1940). 


TABLE 2 

A summary of certain factors in the composition of blood, cardiac lymph, and pericardial 

fluid in six dogs 

TOTAL ALBtr- OLOB- ALPUatlX CHLO- COLLOID OSMOTIC 
mOTEIN ^^N TJLTN GLOBULIN BIDE PBESSUBE 


Cl IN SERUM 

Cl IN IjYmpb and 

PERICARDIAL FLIUD 


NUMBER 

or 

EXPERI- 

MENT 


Blood serum 


per cent 

per cemt 

per cent 


mgm.l 
100 cc. 

mm. 

mm. H:0 
per gram 
protein 

4.67 

2.37 


1.0 


165 

33.1 

6.31 

3.56 


1.3 

418 

239 

37.8 

5.52 

2.67 


0.96 

417 

219 

39.7 

5.36 

3.50 

1.86 

1.9 

412 



5.50 

2.70 

2.80 

0.96 


244 

44.3 

8.31 

3.06 

5.25 

0.58 


302 

36.3 


LjTOph 


1 

5 

2.94 

1.60 

1.34 

6 

3.60 

2.26 

1.34 

7 

3.15 

1.86 

1.29 

10 

3.91 

2.60 

1.31 

11 

4.70 

2.30 

2.40 

12 1 

4.70 

2.57 

2.13 



1 

134 

45.4 

475 

169 

46.9 

455 

142 

45.0 

421 

189 

40.2 


240 

41.0 



.88 

.92 

.98 


Pericardial fluid 


5 

1.12 

0.58 

0.54 

1.1 




6 





i 



7 

1.84 

1.18 

0.66 

1.8 

438 

72 

39.1 

10 

2.66 • 

1.12 

1.54 

0.7 

447 



11 

1.20 

0.75 

0.45 

1.7 

! 

56 

46.0 

12 

1.31 




416 

48 




.95 

.92 


TABLE 3 

The appearance of horse serum after intravenous injection, determined by immunologic 

methods in cardiac lymph 



Undiluted 

1:50 

1:100 

1:500 


LTMPn ANTIBERUSI 
+ + 

SALINE SALINE Control 


1 Hours after injection 

1 

2 

3 

++ + 
+ 

+ + + + 
+ + 

+ 

_| — j — j — 1 — 1_ 
— 1 — |- 
+ 

_ 


BLOOD 

Hours after injection 
2 

+ + + + 

H — 1 — h I 
H — 1-+ i 
+ ! 
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In order to demonstrate the permcabilitj’- of the cardiac blood capillaries, 
we have cannulated the cardiac lymphatic and injected horse serum intra- 
venously, and have determined the time of appearance of horse serum in 
the cardiac Ijunph. 

Experimenl 2. Weight of dog, 11.8 kgm. 

9:00 a.m. Nembutal anesthesia. 

11:40 a.m. Cardiac lymphatic cannulated. 

1:40 p.m. Normal lymph and blood samples collected; 50 cc. of horse serum 
given intravenously without observable effect on heart or blood 
pressure. 

4:42’“ p.m. Ljunph and blood collections finished. 

Table 3 summarizes the results and indicates that foreign protein readily 
enters the cardiac l3nnph from the blood just as it has been shown to do 
in the case of leg lymph, cervical lymph, and thoracic duct lymph after 
intravenous injection. 

Tlie same tjqie of experiment has been carried out using gum acacia 
instead of horse serum. 

Experiment 23. Weight of dog, 11.8 kgm. 

9:00 a.m. Nembutal anesthesia. 

10:40 a.m. Cardiac lymphatic cannulated. 

1 : 10 p.m. Control specimens of blood and lymph collected, and 3 grams gum acacia 
injected intravenously'. Strength of solution 7^- per cent. No effect 
on heart and blood pressure. 

4:20 p.m. All specimens of blood and lymph collected. 

Acacia in blood and lymph was determined as described by Maurer, 
Warren and Drinker (1940). 

The results are shown in table 4. 

The use of plasmapheresis and the Starling hearl-hmg preparation to 
illustrate certain features of lymph flow from the heart. The experiments 
so far discu.ssed have been can-ied out upon animals which were in normal 
condition except for the anesthesia with nembutal, the open chest, and 
thr; cardiac lymphatic cannulation. The normal course of lymph flow has 
been altered by drug injections, but not by such radical procedures as 
are implicit in plasmapheresis and possible by use of the Starling heart. 

Figure 4 illustrates a plasmapheresis experiment, upon a dog weighing 
11.5 kgm. After a long period of very steady conditions as to blood 
prc-ssure and lymph flow, G50 cc. of blood were removed in two install- 
ments. ns indicated by the arrows in figure 4, and the same amount of 
wa-lir-d cells su.'])cnded in llinger’s solution was reinjected. The blood 
protein was rcdttccd from 0,21 per cent to 3.99 per cent with a very great 
increjae in hmiph flow. Following a third and final blood removal and 
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reinjection of washed cells at 3 : 12 p.m., there was a serious fall in blood 
pressure and lymph flow — ^findings not infrequent in acute plasmapheresis 
when, after the experiment is pushed a certain distance, it seems as if the 
blood capillaries were damaged and for a time abnormally permeable. 
Before the first hemorrhage and reinjection (at 2:20 p.m.), blood protein 
was 6.21 per cent; preceding the second removal and reinjection (at 2:43 


TABLE 4 

The appearance of gum acacia in cardiac lymph after intravenous injection of S grams 

in a 7.5 per cent solution 



j BLOOD 

LTMPH 

Control 

mgm. per cubic 
ceniimeier 

0 

3.0 

2.83 

2.63 

mgm. per cubic 
ceniimeier 

0 

0 

1 0 

1 0.26 

After 1 hour 

After 2 hours 

After 3 hours 




a 

r 

o 

o 

o 


Fig. 5. Starling heart-lung experiment with cardiac lymph collection. At arrow 
1, cardiac inflow was increased and arterial resistance raised; at arrow 2, 2.5 cc. of 
1:50,000 adrenin were placed in the venous reservoir; at arrow S, cardiac inflow was 
decreased; at arrows 4 and 5, 1000 cc. of Ringer’s solution were added to the blood, 
reducing the blood protein from 4.68 per cent to 1.54 per cent. 


p.m.), it was 4.74 per cent; and before the third removal and injection 
occurred (at 3 : 12 p.m.), it was 3.99 per cent. Serious fall in blood pressure 
did not take place until after the final hemorrhage, but the great increase 
in lymph flow shown in figure 4 takes place in the 29 preceding minutes 
when the blood protein was 3.99 per cent. The experiment so far as effect 
on lymph is concerned is entirely in accord vith experiments on acute 
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plasmapheresis when lymph Was collected from ..the thoracic duct and 
cervical lymphatics (Field and' Drinker, 1931). 

We have shown the increase in cardiac lymph flow which follows the 
augmented cardiac activity induced by ephedrine. ^That experiment and 
others in which adrenin was used do not give any satisfactory: idea of 
lymph flow during normal increase in cardiac work, blood flow, and arterial 
pressure which result from severe muscular exercise. The single way to 
gain an idea of maximal production of cardiac lymph is through the use 
of a Starling heart-lung preparation in which it is possible at vdll to in- 
crease the inflow of blood to the heart, to increase peripheral resistance, 
and to add the effects of adrenin. 

In collecting lymph from a Starling heart preparation, it is advisable 
to section the four upper ribs and remove the sternum from the upper end 
to below the fourth rib articulation. This gives more space for placing 
the necessary ligatures around the great vessels and makes it possible to 
tie the aorta vdthout disturbing the lymphatic cannula, which should 
be in place prior to shifting from the normal to the heart-lung circulation. 
We have used the superior vena cava for blood inflow and the left sub- 
clavian artery for outflow. The mechanical arrangements of the peripheral 
circulation were of the usual type, and heparinized dog blood was the circu- 
lating medium. Figure 5 is a chart of a Starling heart experiment with car- 
diac lymph collection. The dog weighed 11.3 kgm., and the heart 91 grams. 
The combination of increased inflow of blood to the heart, increased blood 
pressure, and adrenin injection caused a lymph flow of 400 mgm. per 
minute. It is, however, doubtful if a flow above 300 mgm. a minute could 
bo sustained under conditions simulating what would be the circulatory 
situation in a dog during a long run. The possibilities for the hound 
engaged in a 12 hours' chase are approximately 18 cc. of lymph per hour, 
oi- 216 cc. for the 12 houi-s. Taking a good-sized hound, such as the sub- 
ject- of our Starling heart experiment, with a heart weighing 91 grams, 
this means 2.4 cc. of lymph per gram of heart during the 12 hours. 

Discussion. The experiments which have been described seem to us 
to accomjili.sh two thing.s. Fii-st, to a limited extent, they describe a 
phy.siological mechanism in the heart which heretofore has had no at- 
tmnpts at measurement. What may be the significance of the lymphatic 
drainage of the heart in such conditions as rheumatic heart disease in chil- 
dren, when at autopsy the heart is so often edematous, or, if we may dc- 
.scrii)o it more cautiously, .seems to contain too much interstitial fluid, and 
what, may be the significance of this system as advancing yeais bring on 
the fibrous changes in the heart called chronic myocarditis? These arc 
probh'ins in experimental medicine to which we can do no more than 
<innv attention, Lnder normal circumstances the function of the lym- 
phniies is obviou.sly the .same a.s in other parts of the body — namely, to 
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remove the protein-containing tissue fluid from the part, and after passage 
through a lymph node to return it to the circulation. 

The second and tons more significant point in regard to these experiments 
is then’ bearing upon the function of the lymphatic system, and particu- 
larly the relation of lymph to tissue fluid. In brief, we have shown that 
in normal dogs cardiac lymph flows steadily and in small amounts. This 
l 3 unph always contains protein — in 18 dogs measured under satisfactory 
conditions an average of 3.69 per cent, with 4.73 the highest percentage 
and 2.50 the lowest. These figures are comparable to protein concen- 
tration of lymph in other regions, notably, and where we have most figures, 
for lymph from the cervical lymphatics. 

In 1931, two of us (Drinker and Field) on the l^asis of a number of 
collections of l 3 nmph taken from various parts of the body suggested 
“that capillaries practically universally leak protein; that this protein 
does not reenter the blood vessels unless delivered by the lymphatic sys- 
tem; that the filtrate from the blood capillaries to the tissue spaces con- 
tains water, salts and sugar in the concentrations found in blood, together 
vnth serum globulin, serum albumin, and fibrinogen in low concentration, 
lower probably than that of tissue fluid or lymph; that water and salts are 
reabsorbed by the blood vessels and the protein enters the lymphatics 
together with water and salts in the concentration existing in the tissue 
fluid at the moment of l 3 anphatic entrance. The lymph from any given 
drainage area contains a varying amount of protein dependent upon the 
amount of water absorption which has taken place in the region from 
which the collection is made, and represents a cross section of the tissue 
fluid of the area in question,” This suggestion has been criticized but 
never in terms of direct experiment — always through experiments in 
which the possible concentrations of protein in the tissue fluid have been 
calculated through observations upon the blood when a part 'has been 
subjected to a variety of experimental manipulations. There is no argu- 
ment as to the identity of the salt content of lymph, tissue fluid, and 
blood. The single difficulty rests with the problem of the amount of 
protein in this fluid. 

Since 1931, several direct experiments have appeared which bear upon 
the problem, and by direct we mean experiments in which tissue fluid and 
lymph may be compared by analysis, not by inference. First, Drinker, 
Field, Heim and Leigh (1934) measured the protein content of lymph 
and edema fluid in dogs whose legs had been made edematous by lym- 
phatic obstruction. The results appear in table 5, and the identity of 
protein concentration between lymph and edema fluid needs no com- 
ment. Second, and in the same year, Weech, Goettsch and Reeves (1934), 
in dogs rendered edematous by plasmapheresis or by protein deprivation, 
showed a striking similarity in protein concentration of edema fluid and 
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lymph taken from the feet in a number of dogs. Table 6 illustrates their 
findings. Third, Maurer (1938) collected tissue fluid from frog muscle 

TABLE 5 

The protein content of lymph and edema fluid from dogs 1, 2, S, and 4- Blood and lymph 

collected simultaneously 


(Drinker, Field, Heim and Leigh, 1934) 


AKIMAL 

DATE 

1 

DEO 

PROTEIN 

Lymph 

Edema fluid 

Dog 1 

Feb. 25, 1933 

Left 

grams per 100 ec. 

2.67 

grams per 100 cc. 

2.00 


Mar. 8, 1933 1 

Right 

2.45 

2.20 

Dog 2 

Sept. 15, 1933 

Left 

3.37 

3.37 


April 3, 1934 

Left 

2.48 

3.45 

Dog 3 

Mar. 28, 1933 

Left 

2.28 

2.75 


May 5, 1933 

Left 

2.97 

3.17 


Oct. 16, 1933 

Left 

3.17 

3.17 


April 6, 1934 

Right 

2.50 

2.67 

Dog 4 

April 9, 1934 

Left 

2.55 

1.86 


TABLE 6 


Comparative protein contents of edema fluid and the lymph collected immediately after 

cannulization 

(Wecch, Goettsch and Reeves, 1934) 


DOG 

NUM- 

der 

HIND LEGS 

FOnE LEGS 

Aseme 

FLUID 

NATURE OF EDEMA 

Right 

Left 

Right 

Left 

Edema 

fluid 

Lymph 

Edema 

fluid 

Lymph 

Edema 

fluid 

Lymph 

Edema 

fluid 

Lymph 


per 

per 

per 

per 

per 

per 

per 

per 

per 



cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 


5 

0.23 

0.18 








Nutritional 

8-40 

0.04 


0.02 

0.11 





0.02 


8-06 

0.17 

0.28 

0.14 

0.60 





0.13 

Nutritional 

8-3S 

O.OS 

0.53 


0.30 


0.29 



0.32 

Nutritional 

9-92 









0.01 

Plasmapheresis 

G 









0.03 

Plasmapheresis 

5-S 

0.09 

0.06 

0.08 







Plasmapheresis 

9-1 

0.86* 

0.38 0.95* 







Plasmapheresis 

2-3 


t 

0.17 

0.19 

0.16 





Nutritional 

1-31 

o.w 

; O.Oli 0.10* 







0.01 

Plasmapheresis 


* TfKf's.- edema fluids contained blood. See text. 


and found blood proteins invariably present. When his figure.s for tlie 
concentration of this ti.ssuo fluid protein arc compared with the figure.^ 
for protein concentration in frog lymph, there is again an identical result. 
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To these observations may be added those in this paper. Table 2 presents 
protein concentrations in the heart lymph of six dogs. The amounts of 
protein in the pericardial fluid of the same animals are also given, and 
while they are less than for the lymph, it still remains that they are far 
above the amounts of protein usually thought to exist in tissue fluid. 
Maurer, Warren and Drinker (1940) have ‘given evidence for the belief 
that pericardial fluid is a simple extracellular fluid filtered from the blood 
capillaries. Since this fluid readily becomes bloody if the heart is manipu- 
lated, there is reason to feel that it comes from the heart, and is in fact 
a filtrate from the epicardial blood capillaries which passes not only 
through their endothelial walls, but also through the epicardial 
endothelium. The fact that the pericardial fluid contains the blood 
proteins in lower concentration than the lymph is, in our opinion, due to 
a double filtration — the concentration in the cardiac l 5 ’'mph representing 
the approximate concentration in the tissue fluid of the heart, and the 
pericardial fluid concentration representing that of the tissue fluid reduced 
slightl}’' b^’’ a second filtration through the epicardium. 

SUMMARY 

1. A method for collecting the entire lymph flow from the heart is 
described. 

2. Cardiac l 3 miph flow varies directly with the vigor of the heart beat'. 
It increases with dilution uf the blood proteins and consequent enhance- 
ment of capillary filtration. 

3. The composition of cardiac lymph is described in some detail in six 
dogs and is compared with that of the pericardial fluid. 

4. The cardiac lymph is a filtrate from the blood capillaries. Normally 
it contains serum albumin and globulin and it clots. Furthermore, if 
horse serum is given intravenously, it can be detected immunologically in 
the lymph, and similarly gum acacia is also found in this lymph after 
intravenous injection. 
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It is commonly believed that the arterial circulation is controlled pri- 
marilj' through a flood-gate mechanism located principally in the arterioles 
and the small arteries suppljdng them. Larger arteries and main arteiy 
trunks have been considered as elastic reservoirs having little directly to 
do with vasomotor reactions. 

The plethysmographic observations of Schretzenmayr (1) on the ex- 
posed median and large arteries of the animal established their sjmergistic 
participation in reactions in which the arterioles have been usually con- 
sidered as dominant. The larger arteries were observed to react in the 
same direction as the arterioles in response to direct nerve stimulation, 
vasomotor reflexes, dilator and constrictor drugs. They were shown to 
bo in a state of tone due to continuous vasomotor influence. Quantitative 
(but not qualitative) differences in the reactivity of large arteries showed 
regional differences but did not correspond with the classification into 
"muscular” and "elastic” arteries. 

Encouraged by these data and the existence of selective reaction patterns 
in the skin (3), it seemed desirable to compare large and small artery 
behavior in man. The radial artery and finger pad weie selected for 
.several reasons; 1. This artery lies near enough to the surface to be con- 
veniently recorded with the plethysmographic technique used. 2. The 
finger vessels are extremely active indicators of vasomotor reactions. 
3. Previous study of the hand skin (3) showed uniformity in the small 
artery and arteriole responses over the entire hand, so that if differences 
occurred in the reactions of the finger pad vessels and of the radial artery, 
the.'(! differences would be more probably related to differences in size, 
and [)osslblv innervation, than to topographical factors. 4. In addition, 
there seems to be general agreement (4) that, the radial artery^’s vasomotor 
innervation is .supplied in the .«ame manner from the peripheral somatic 
nerves as is the ease for the digital arteries, and that differences exist only 
in thf* abundance* of the supfdy. 


' Tfjix invcsticiitioa lias bfon made witli the .n.sHistaiiec of a grant to A. B, II. 
frotii Us*' t’o-iunittff on 4'hcrapi titic Ib soarch, Coiinri! on Pliarniary and Clieniistr.v, 
.\n!' riran Mt-dsfril .\>-'-:oriation. 
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Methods. Finger vessel reactions were recorded with the photoelectric 
plethysmograph previously described (2). When this plethysmograph 
is placed in contact with the skin over the radial arteiy, the volume pulses 
in the latter are recorded instead of skin vessel reactions, (the arterial 
blood supply to the skin is poor in this vicinity), since the effect of the 
radial pulse now dominates the amount of light returning to the photo- 
electric cell (2). It seemed convenient to record the radial arteiy volume 
pulses on a constant base line. This was done by employing a capacity 
coupled amplifier (to be described in a later paper) instead of the resistance 
coupled amplifier used in our pleth 3 ^smographic studies. The amplitude 
of the volume pulse so recorded was used as a criterion of the tone of the 
radial arteiy. There is a good basis for this. There is the common clinical 
experience that the amplitude of the oscillations of a large artery is pro- 
portional to the patenc}’’ of its lumen, that the oscillations decrease in size 
when the artery is constricted by spasm or by organic obstruction. It is 
realized, of course, that gross changes in the stroke of the heart, in arterial 
pressure levels, and also in the artery’s distensibility with various pressure 
levels, will influence the amplitude of the volume pulse in the radial artery. 
But these influences either do not appear to contribute significantly to 
the experiments reported below or they are noted when they occur. 
Healthy male medical students served as subjects, in a semi-reclining posi- 
tion on a comfortable couch. Room temperatures varied between 25.0°C. 
and 29.0°C. in different experiments but were usually constant within one 
degree during the experiment. 

■ Results. Small waves, sjmchronous with respiration, are commonl}'^ 
seen in the radial volume pulse, and less frequently on the finger plethysmo- 
gram (fig. 1). They are probablj’^ due to variations in the stroke of the 
heart with the respiratoiy cycle. 

Spontaneous waves are a common occurrence in the small arteries of the 
hand skin. They are considered as ordinarily having a vasomotor origin 
(3). Their absence from the radial artery (fig. 1) seems to be typical but 
this is not always the case. Increased amplitude in the radial volume 
pulse may occur at the time of the finger constriction (figs. 2 and 3). We 
have been unable to decide whether this is a mechanical effect from the 
constriction of the finger vessels, (i.e., it is due to the rise in resistance 
peripheral to the radial artery increasing the systolic engorgement) with- 
out change in radial tone, or whether a relaxation of radial muscle has 
actually occurred (fig. 3). Prolonged spontaneous waves in the fingers, 
probably of psychic origin, are apt to show also but to a less extent in the 
radial volume pulse (fig. 4). In this case, increased radial tone seems to 
be the explanation since changes in heart action are probably negligible 
here, and since the changes in finger and radial volume pulses are in the 
same direction. These more prolonged vasomotor discharges apparentlj’- 
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involve more vascular territoiy than the briefer ones, since the latter 
superimposed on, or preceding or folloiving the former, often do not 
affect the radial volume pulse when the more prolonged discharges do. 

Deep breath. The vasoconstrictor reflex in the digits from a deep breath 
has been shown not to involve the skin areas of the head (3). The radial 
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ri^H. 1 4. I'inpjr plethysmoj^ram (upper record) and radial volume pulse (lower 
record). Hc.«[)rration. Time = .o .seconds. Spontaneous waves. 

.‘irlon- may also fail to participate (fig. 5), I’lic initial decrca.se in nm])li- 
tu(l<- of the finger and radial volume pulses occurs .simtdianeou.sly. That 
this is probably not due to a constrictor reflex but rather to a temporary 
decrca‘-e in left ventricular stroke i.s indicated by the increasing ampli- 
tude of the radial volume pul.'^e at the time that precipitate fall in finger 
volume and volume ])ul'e occurs. Wo conclude that tin; radial artery did 
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Figs. 5-9. Finger plethysmogram (upper record) and radial volume pulse (lower 
record). Respiration. Time = 5 seconds. 

Fig. 5. Deep breath. 

Figs. 6-7. Breath hold. 

Figs. 8-9. Cold pressor test. 
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not shave in the constrictor response in this instance. This seems to lie 
the rule even in subjects who give inten.se responses to a deep breatli in 
their digits. 

Breath hold. This procedure has been offered as a convenient standard 
way of causing pressor responses (5). It elicits a more powerful and wide- 
spread vasoconstrictor discharge than does a deep breath if one may use 
the differences in the blood pressure responses as evidence. The breath 
hold causes a rise in arterial blood pressure var>dng in extent with the sub- 
ject. Brachial blood pressure tends to fall or remain unchanged with a 
deep breath (6). One might expect, thei-efore, participation of the radial 
artery in the pressor response to the breath hold. Figure 6 illustrates such 
participation, but the constrictor effects are strikingly less than tho.se in 
the finger. The initial decrease in the i-adial volume pulse is jirobably 
due to decreasing stroke of the heart. This shows likewise in the finger 
volume pulse. The beginning of vasoconstriction in the finger is timed 
with further progressive reduction in the radial volume pulse and the 
minima in both curves occur very nearly together. Recoveries likewise 
parallel each other in both records. Involvement of the radial artery 
in the constrictor response to the breath hold is, therefore, ])robablo but 
it is obvious that the effects on the radial arteiy arc relatively small. 
This difference in intensity of the re.sponse correlates qualitatively with 
differences in the richness of the vasoconstrictor innervation of the radial 
and digital arteries and arterioles and may well be due to .such quantitative 
factors. That topography is an additional factor in the vasoconstrictor 
responses is suggested by failure of the head skin to participate (3). 
Likewise, failure of the ladial artery to react is illustrated in figure 7 in 
which, despite profound constriction in the finger, the radial volume pulses 
are .slightly increased during the finger constriction. Again, it is not pos- 
sible to decide in this case whether the increased radial volume pulse is 
due to the rise in the re.sistance peripheral to the arteiy, or to changes iii 
pre.ssure levels, or actualh' represents decreased tone of the muscle of the 
artery. It would be interesting to know if the radial arterj”^ reactions are 
related to the extent of the rise in the arterial blood pressure in this test, 
but insufficient data have been obtained to attempt such a correlation. 

Cold prcHsor tc.sL The blood prc.ssui’c responses of medical students 
seem to lie somewhat higlier in the case of the cold pressor test than in 
the ease of the standard breath hold. This difference may be related to 
unreefignized small deviations from standard directions for the breath 
hold. I he cold test jiresents a .standard technique for presenting a pain- 
ful stimulus, The vasoconstrictor re.spon.se.s are variable in intensity 
and toj)f»t:raphy as shown in the effects on blood pre.ssure. and on the 
cireuluiion in varifnis skin areas (3). 

1 ho-'- illustrations .‘■howing various degree.s of response of the radial 
ariery an- provi<lf <l in figures S to 10. The subjects of figures 8 and 9 gave 
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normal blood pressure responses. In each of these, marked constriction 
of the finger arteries occurred without much participation of the radial 
arter 3 ^ In figure 8, the radial arteiy response parallels qualitatively that 
in the finger both during the constriction and also during the recover}'- 
from the procedure, but the changes in the radial artery are much smaller 
than those in the finger arteries. In figure 9, the profound constriction 
in the finger is accompanied b.y a veiy slight constriction of the radial 
arteiy. The spontaneous wave in the finger preceding the response to 
the cold did not involve the radial arteiy. In figure 10, the response of 
an hj'per-reactor with normal resting arterial blood pressure presents a 
striking contrast. There was progressive constriction of the radial arteiy 
almost to obliteration. Recovery was slow, requiring five minutes to re- 
turn to the control level. Yet, in this subject, the radial arterj’^ failed to 
share in the responses to psj’-chic stimuli and in the spontaneous waves. 
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Fig. 10. Finger plethysmogram (upper record) and radial volume pulse (lower 
record). Respiration. Time: 5 seconds. Cold pressor test between signals. 


Comment. We believe that Ave have shoAvn that Schretzenmaju-’s 
thesis of sj’-nergistic participation of the large arteries in arteriolar and 
small arteiy reactions (1) is applicable onl}'^ to special instances in the case 
of the radial-finger arteiy field in man. As the stimulus eliciting a vaso- 
constrictor reflex increases in effectiveness, and as the response invoh^es 
larger vascular areas, the radial artery ma}’- finall}'^ be involved, usuall}'^ 
onW to a moderate extent. 

The extent of finger constriction does not seem to be a guide as to 
whether the radial artery will constrict or not. Profound finger constric- 
tions to loud noises, psychic stimuli, deep breaths are ordinarily unaccom- 
panied by radial arterj'^ responses. Breath holds Avhich are effective in 
increasing the arterial blood pressure and in producing maximal finger 
constrictions have onlj'^ a slight constrictor influence on the radial arter 3 ^ 
The cold test seems to be particulaiW effective in hyper-reactors, in effect- 
ing marked constriction of the radial arteiy, but it has onl}^ a moderate 
effect in those whose arterial blood pressure responses are normal, although 
the degree of finger constriction maj’- be equally great in either type of 
subject. 
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It is possible that our method of obsei’ving the radial artery may have 
failed to reveal small changes in tone. Schretzenmayr’s arteriograms (1) 
on the animal show marked quantitative but not qualitative differences 
in the changes in tone in the carotid and femoral arteries as compared to 
the large splanchnic arteries, the latter reacting much more vigorously. 
The reactions of the former were often overcome by the changes in blood 
pressure. Howevei', his experiments differed radicallj'^ from ours in that 
he emploj'^ed powerful drugs and other procedures involving massive 
changes in the circulation. The two groups of experiments are not com- 
parable nor are the two sets of data contradictoiy. 

Our data support the possibility of selection with respect to the partici- 
pation and the intensit 3 '^ of the participation in a given vasomotor re- 
sponse, of the large and small arteries in the same vascular field. They 
do not denj"^ the s^mergistic action of large and small arteries in massive 
disturbances of the circulation. However, such action does not seem 
to be significantly’’ involved in the more sharply’^ localized and more mod- 
erate vasomotor i-eflexes studied in this paper. 

SUMMARY 

The possiliility of symergistic participation of the large arteries in the 
reactions of the small arteries and arterioles supplied by^ them, has been 
studied in man, on the radial arteiy-digital artery field, using the photo- 
electric plethy'smographs, previou.sly^ described, to record the reactions. 

The responses observed involved spontaneous waves (figs. 1-4), the 
reactions to a deeji breath (fig. 5) to the breath hold (figs. 6 and 7), to the 
cold pressor test (figs. 8, 9 and 10), to loud noises and various psychic 
stimuli. 

Radial arteiy particijiation in the vasoconstriction of the finger arteries 
was irregular and most obvious in instances of massive disturliances of the 
circulation. The degree of con.striction of the finger arteries had little 
predictive value with respect to the occurrence of constriction in the radial 
artery. The data appear to show selection with respect to the participa- 
tion, and with respect to the intensity'^ of the participation, of the radial 
artciy in the vasomotor responses of the small arteries and arterioles 
which it supplies. 
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It is the vogue to utilize the magnitude of rise or fall in mean blood 
pressure induced reflexly or by humoral agents as a quantitative criterion 
for the degree of generahzed vasoconstriction. Upon such criteria, far 
reaching conclusions are drawn regarding potency of hormonal agents and 
complicated central neural processes are inferred. This is done by 
eminent investigators despite the well known fact that it is not easy to 
evaluate the relative share that increased minute output, alterations in 
aortic capacity and elasticity and total peripheral resistance play in such 
pressor effects. Furthermore, the question whether absolute or percentile 
changes in blood pressure offer the better criterion of vasomotor action 
has never been settled (4, 5), 

We have attempted to study these criteria of vasomotor power by 
comparing them with peripheral resistances calculated by a formula 

based on Poiseuille’s law, viz., B = — , in which Pm 

Vt cmf’ 

denotes mean pressure and V <, cardiac output per sec. For this purpose, 
mean carotid pressure was recorded by a properly damped Hg manometer 
and cardiac output was estimated by a calibrated cardiometer, carefully 
placed about the ventricles. Twelve dogs anesthetized with sodium 
barbital or amytal,^ under mild artificial respiration, were used. 

We may anticipate by stating that the investigation ended with the 
conclusion that the question at issue cannot be settled in this way because 
peripheral resistance calculated in this way is not solely determined by the 
algebraic sum of changes in .size of the minute vessels. The evidence . 
leading to this conclusion is briefly reported in this communication. 

Control values. In seven dogs with standard mean pressures of 80 mm. 
or more, the total resistance at the start ranged from 5880 to 9080 absolute 
units (A.U.). This is considerably higher than estimates in man, e.g., 
1150 A.U. (0. Frank), 740 A.U. (Lauber), 520-1000 A.U. (Roger), 539 

1 We are indebted to Eli Lilly and Co. for a supply of amytal for experimental 
purposes. 
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A.XJ. (Ranke), 1140-2740 A.U. (Roger and Wezler). (For references see 
Roger and Wezler (2)). The values are also higher than similar estima- 
tions on a few dogs by Roger (1) (4020-4470 A.U.) and by Rroemser and 
Ranke (3) (2060-3100 A.U.); but ihuch lower than estimates on rabbits 
by the same investigators (12,370-12,500 A.U.; 11,620-12,590 A.U.). 
In short, the calculated values seem to vary inversely as the size of the 
animal and not directl}^ as one would expect. 

In dogs, with open chests under artificial respiration, the values are 
not altered significantlj'" by shock or shock-like conditions. Thus, in 3 
dogs blood pressure had fallen to 46-50 mm. Hg at the start of observa- 
tions, presumably due to operative shock. In these, the calculated 
peripheral resistance was 5249 to 7180 A.U., i.e., essentially that of dogs 
with normal mean pressures. This is contrar 3 ’' to much good evidence 
that peripheral resistance alters in this condition. 

Reflex pressor reactions. In 22 tests, in which one or both central 
ends of vagus nerves were stimulated, mean pressures rose from the general 
average of 80 to 90 mm, Hg to ranges between 120 and 240 mm. Hg, 
depending on the strength of stimulation and number of nerve fibers 
excited. In ever}’’ case, and regardless of coincident changes in cardiac 
output, the total calculated resistance increased with the rise in pressure. 
Not much more can be said. Since the initial mean pressures were so 
near 100 no essential differences in relation to the absolute or percentile 
increase would be expected, and none were found. However, when either 
the pressures or calculated resistances are plotted as a linear curve, the 
other does not follow linearly. 

Since the dominant increase in resistance due to reflex pressor actions 
presumably occurs in the splanchnic area it seemed probable that at least 
equivalent increases in pressure and calculated resistance would result 
from occlusion of the thoracic aorta just above the diaphragm. This was 
never the case. Results from two illustrative experiments incorporated 
in table 1 show that the absolute and percentile increases in pressure 
following such occlusion are considerably less than is obtainable from reflex 
action and the percentile increase in calculated peripheral resistance is 
significantly smaller. 

In twelve tests on animals, in which initial blood iiressure ranged from 
40 to 58 mm. Hg pressure, elevations of similar magnitudes were found 
possible. Thus, in one experiment pressures rose from 40 to 160 mm. Hg, 
a 300 per cent increase, and the calculated resistance rose from 2220 to 
7170 A.U, S^'stolic output increased throughout the pressure rise. Cor- 
relation studies showed that throughout the rise, the actual elevation of 
mean pressure underrated the increase in resistance as calculated, but 
that the percentile increase overestimated it with respect tn the cal- 
culated resistance. 
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Similar but less pronounced effects were obtained in 12 tests in which 
both carotids were clamped and in nine tests in which the central end of 
a phrenic nerve was stimulated. The latter caused elevation of blood 
pressure by 22 to 30 mm. Hg in all except one, in which the rise was 38 
mm. Hg. This was attended by 10 to 30 per cent increase in calculated 
resistance and offers evidence for existence of some pressor fibers in the 
phrenic nerves. 

Effects of epinephrine and piiressin. A dose of 2 cc., 1:50,000 epineph- 
rine solution was injected into vagotomized dogs in nine experiments. 
In general, calculated peripheral resistance again increased more in those 
experiments in which mean pressure rose most. The quantitative relation- 


TABLE 1 


INITIAL 

PRESSURE 

MAXIMUM 

PRESSURE 

PERCENT- 
1 AOE 

INCREASE 

1 INITIAL 

1 RESIST- 
1 ANCE 

MAXIMUM 

RESIST- 

ANCE 

PERCENT- 

AGE 

INCREASE 

EXPERIMENTAL PROCEDURE 

Experiment 1 — vagotomized dog — 12 kilos 

mm. Hg 1 

mm. Hg 


a.u, 1 

a.u. 



90 

174 

93 



120 

Central vagus stim. 

80 

130 

62 1 



76 

Occlusion aorta 

94 

140* 

56 ! 

■Ht iW 


164 

Pitressin 1 unit 


160 

70 ! 

i 

1 
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Experiment 2 — vagotomized dog — 8.5 kilos 


84 

220 

160 ' 

5,880 

13,900 

136 

Central vagus stim. 

86 

234 

172 1 

6,570 

14,960 

127 


68 

124 

82 

5,730 

11,630 

103 

Occlusion aorta 

74 

154* 


5,940 

15,420* 

161 

Adrenalin 2 cc. 


182 

146 


13,180 

121 

1:50,000 

46 

156 

• 240 

6,800 ' 

23,100 

240 

Pitressin 1 unit 


* Observations prior to those at maxima! rise of pressure noted immediately 
below. 


ships were not however as precise as appears at first glance. Thus, in 
experiment 2 (table 1) two previous tests ^vith central vagus stimulation 
elevated mean pressures to 220 and 234 mm. respectively, the calculated 
resistances increasing from 5880 to 13,900 and from 6570 to 14,960 A.U. 
Following 2 cc. 1:50,000 epinephrine, the calculated resistance rose from 
5940 to 15,420 A.U., but as pressure continued to rise it dropped again 
to 13,180 A.U. Since this was accompanied from the start by increase in 
heart rate and systolic discharge, i.e., by a considerable increase in minute 
output, one would anticipate a much greater elevation of mean pressure — 
both absolute and percentile — than during the central vagus stimulation. 
Actually mean pressure rose from 74 to only 182 mm. Hg and the per- 
centile increase was less. 
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In four animals one ^‘pressor unit” of pitressin, properly diluted, was 
administered intravenously. In every case the increase in calculated 
peripheral resistance was enormous but no means always proportional 
to the elevation of pressure recorded. The data of table 1 illustrate two 
differing reactions; In experiment 2 a significant actual and percentile 
increase in pressure from previous shock levels took place and the cal- 
culated peripheral resistance likewise rose, perhaps fortuitously, by 
exactly the same percentile value as the mean pressure. In experiment 1, 
how’^ever, while both pressure and resistance increased up to mean pressures 
of 140 mm. Hg, the calculated peripheral resistance reached a maximum 
at this level and decreased significantly wdiile mean pressure continued to 
rise. Comparison of changes in actual and percentile increase in mean 
blood pressure or actual and percentile increases in calculated peripheral 
resistance due to central vagus reflexes, aortic occlusion and pitressin are 
also shown in table 1. Anyone desiring an answer as to which of these 
three processes caused the greater vasoconstriction would be left in a 
quandary. These are only examples of numerous divergences of inter- 
pretation which would arise regarding quantitative changes in peripheral 
resistance induced by various drugs. 

Discussion. The original aim of this research was to test further 
whether absolute or percentile changes in mean pressure offer the better 
criterion of vasomotor action (4). To this end, coincident modification 
of blood pressure through changes in respiration and heart rate were 
largely avoided by double vagotomy and by ventilating the lungs of the 
animal so as to just abolish natural respiratory movements. It was 
hoped that secondary changes in systolic discharge would prove so slight 
that a comparison of changes in calculated resistance with absolute and 
relative changes in mean pressure would prove decisive. 

It wms found through study of cardiometer tracings that every significant 
change in arterial resistance due to vasomotor action causes some change in 
systolic discharge despite such controls. Generally this increases but, 
especially when the pressure elevation is abrupt and large, it may decrease. 
Again it may decrease at first, and increase later. Direct response of the 
myocardium by dilatation and increased venous return, in which con- 
traction of the spleen plays a part, both seem to be concerned. These 
alterations in systolic discharge combined with the observations of Wiggers 
and Wdgria (7) that the aorta decreases actively in size and virtually 
becomes more elastic are not without effect on mean pressure. It was 
recently shown by studies on artificial models (6) that considerable varia- 
tion in the elasticity coefficient of an aortic .system fortunately affects 
both mean pressure and calculated peripheral resistance to an insignificant 
extent only. In this conclusion %ve differ from Bdger and Wczlcr (2) who 
believe it plaj's a dominant role in determining mean pressure. On the 
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other hand, direct evidence obtainable on artificial circulation models (6) 

indicated that the relationship between systolic discharge and aortic 

capacit}’" is a factor affecting mean pressure. Since mean pressure enters 

as a factor in the calculation of total resistance by the formula used it is 

apparent that these calculated resistances maj’- also alter with changes 

• XT X- systolic discharge „ . . . . , 

in the ratio — , as well as with variations m size of minute 

aortic capacity 

vessels. 

Such interpretations would explain maiw and perhaps all of our results, 
viz.: 1, that calculated total resistance Agarics iiiA’^ersel}" Avith the size of 
animals; 2, that it is not altered significantly during states of shock; 3, 
that it is not proportional to increase in mean pressure through agents 
Avhich affect cardiac output, size of aorta, and peripheral arterioles to 
different degrees, and in different sequence, during the pressure rise; 

4, that no correspondence exists betAveen calculated resistances AAdien 
pressures arc elevated to equal IcA^els by reflex action, hormones, etc., and 

5, that the calculated resistance is less A\’hen the Avhole thoracic aorta is 
occluded than Avhen its terminal minute A’^essels are constricted. 

In conclusion, it becomes apparent that clarification of our notions 
regarding the meaning of ‘'peripheral resistance” is needed. It is not 
clear at the present stage of progress AA'hether the term should be advisedly 
restricted to frictional resistance occasioned through changes in size 
of small A’-essels and the viscosity of blood floAving through them or, fol- 
loAving Boger and Wezler, Avhethcr central factors entering into formulae 
should also be included. If the latter, studies on artificial machines faAmr 
the A'ieAV that this is not affected significantly bj’’ changes in aortic elasticity 
but rather by the Amriable relation betAveen systolic discharge and aortic 
capacity. 

In any CA^ent it becomes clear that the magnitude of peripheral Amso- 
motor changes induced by nerA'^es, hormones or chemicals cannot be 
assaA’-ed physiologically either by changes in mean blood pressure (actual 
or iiercentile) or by calculations of resistance in absolute units by for- 
mulae inAmhdng mean pressure as a factor. 


SUMMARA’ 


1. By use of simultaneous cardiometric records of the A^entricles and 
mean arterial pressure in mildly A'entilated, A-agotomized dogs, data AA^ere 
obtained for calculating peripheral resistance changes according to the 


formula R — 


mean pressure 


m 


dynes -sec. 


and comparing such 


cardiac output per sec. cm.“ 

Amlues Avith the absolute and percentile changes in mean pressure. 

2. Pressor effects on mean arterial pressure Avere induced in normal 
and “shock” dogs by reflex stimulation of the central Amgus and phrenic 
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nerves, by bilateral carotid compression, by use of epinephrine and 
pitressin. 

3 . The results, supported b3'- previous tests on artificial circulation 
machines stronglj’' suggest that the quantitative estimation of changes in 
vasomotor tone of smaller vessels either bj^ absolute or percentile changes 
in mean arterial pressures or bj’^ mathematical calculation of peripheral 
resistance is highty restricted even in experiments in which cardiac output 
is also measured. Mathematical calculations fail because mean arterial 
pressure, which enters into the formula, is affected by the relationship 
between systolic discharge and aortic capacitj’’ — ^but not, in our experi- 
ence, bj'^ aortic elasticity. The formula does not take into account the 
aortic capacity in relation to s3’^stolic discharge either in the same animal 
or in animals of different sizes. 
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It is common practice in the study of colon motility bj’- the balloon 
technique to guy the system in place in order to pi-event the shifting 
of the balloon to a lower level during the course of an experiment. Fre- 
quently, in the course of removing a balloon .sj'stcm at the close of an 
experiment, a veiy a]i]Dreciable force is noted to ojiposc the withdrawal. 
This force, if allowed to act unopposed, would caiay the balloon .system 
to a lower level in the colon (1). In previous work we have observed 
the shifting of a balloon to the extent of several centimeters in the course 
of a 200 minute experiment (2). Such transportation is obviouslj’' the 
re.sult of a force exerted b 3 ’’ the colon. Previous work has revealed that 
transportation in the colon is intimatcl.y related to a certain portion of 
an active period. It seems reasonable then that the force exerted would 
be greatest during this portion of the ])eriod. On the other hand the 
force exerted against the balloon maj'^ be more evenl^'^ distributed than 
transportation within a giA'^en period, but Aviihout significant effect be- 
cause of obstruction in the lower segment. To studj^ the latter pos- 
sibility, the force exerted in an attempt to move material in the lumen of 
the colon must be measured b}^ as nearlj’- an isometric technique as possible. 

To record the force related to transportation efficienejq a technique 
Avas deAused in Avhich the carbon pile connected to a gah'^anometer Avas 
used to indicate the extent of force. This force, tending to transport 
contents of the colon to a loAver segment Avas then coi-related Avith motility. 
The single balloon technique previousl.y described (2) Avas used to obtain 
records of motility. The carbon pile used for obtaining evidence of 
force involved in transportation Avas connected bj" a linen thread to the 
junction of the balloon and tube of the motility recording s.ystem (fig. 1). 
A glass sjulnge Avas attached to the gah'anometer in such a Avaj'^ that the 
plunger could be moved siniultaneousl.A’' and to an equal extent Avith the 
indicated galvanometer deflection. With the syringe connected by Avaj^ 


* The authors are indebted to Dr. A. .J. Carlson, who made this study possible. 
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of a rubber tube to a water manometer it was possible to record even slight 
evidence of transportation force immediately beneath the motiUt}" tracing 
which indicated pressure changes in the balloon. 

Data for correlating colonic motilitj’^ with transportation force were 
obtained from five cecostomized dogs, which prior to this stud 5 '^ had been 
trained to lie quietlj' for several hours at a time on a cushioned table. 
The balloon with its connections to a water manometer and carbon pile 
was inserted into the colon by way of the cecostoray to a depth of 10 cm. 



Fig. 1 Fig. 2 

Fig. 1. Apparatus used for recording colon motility and transportation force. 
1 = carbon pile, 2 = arm of carbon pile, 3 = battery, 4 = galvanometer, 5 = syringe, 
G = syringe connection to water manometer, 7 = linen thread connection between 
arm of carbon pile and balloon, 8 = balloon, 9 = connection between balloon and 
manometer. 

Fig. 2. Top line = balloon tracing of colon motilitj'. Middle line = syringe record 
indicating galvanometer deflection as a result of transportation force. Bottom line 
= time in minutes. 


beneath the .skin. Tlie linen thread connection between the carbon pile 
and the balloon was then made taut, and the balloon inflated according 
to a .standard method (2) previou.sly de.scribed. 

Any force exerted upon the balloon tending to displace it to a lower 
level of the colon made more taut the linen thread connected to the arm 
of the carbon pile and gave as a re.sult a deflection of the galvanometer. 
Each deflection was measured by means of the .syringe jneviou.dy dc- 
scriired and reeord(!d simultaneously with its occurrence. A tracing tinis 
obtained recorded at each instance motility and its associated tran.si)ort a- 
tion force or “pull pattern.” tiiroughout the course of each experiment. 
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This method of obtaining a correlation lietween the transportation force 
and motility is more significant from a qualitative than a quantitative 
viewpoint. Qualitatively the exact relation could be followed between 
any force acting to displace the balloon and the type of motilitjr recorded 
at that instant. Quantitative^', with a view to exact measurements on 
the extent to which the transporting force wa.s acting was not practical 
with this apparatus, although estimates occasionally indicated as much 
as 200 grams of pull. Since, by this technique, the qualitative relation 
is more significant than the quantitative measurements, the term “pull 
pattern” ma}’^ be more suitable than tran.sportation force. 

In a total of 25 experiments, each of 200 minutes’ duration, a transporta- 
tion force was observed only twice una.ssociated with activity. This may 
be explained as in a previous jiaper (2) by a consideration of force which 
may have been exerted upon the tube above the balloon either directly 
or indirectly through colon contents. A pull pattern was observed in 
59 per cent of the 161 active periods recorded. These active periods 

TABLE 1 


The 7'elalionship between the average ynimher of minutes of activity and transyorlalion 

force per 50 minute period 



50 MINUTE PERIODS 

1 

2 

3 

4 

1 

Activity per 50 minutes 

Transportation force per 50 minutes 

28 

3.9 

30 

4.5 

29 

5.2 

28 

3.2 


varied in duration from 1 to 104 minutes. Of the active periods 54 per 
cent were less than 12 minutes in duration, while 83 per cent were less 
than 24 minutes. These figures are in striking agreement Avith those 
previously reported (2). 

A tabulation of the data (table 1) relative to the motility in each 50 
minute period showed activity to be present 56 per cent of the time in 
the first period, 60 per cent in the second, 58 per cent in the third, and 56 
per cent in the fourth period. The pull pattern was evident 8 per cent 
of the time in the first 50 minute period, 9 per cent in the second, 10 
per cent in the third, and 6 per cent in the fourth period. From the 
data it is obvious that a pull pattern existed in a relatively small per- 
centage of the time as compared to that occupied hy activit 3 L 

Gross observation revealed a close relationship between the active 
period and the appearance of transportation force, ivhile a tabulation of 
data shows a wide discrepancy’' between the duration of an active period 
and duration of transportation force. A more detailed analysis, therefore, 
was necessaiy to detei-mine the more intimate relation of the pull pattern 
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to the active period. This analysis was obtained by dividing each active 
period into four equal parts and tabulating the duration of transportation 
force in each quarter. Thirty-three per cent of the total transportation 
force appeared in the first quarter of the active period. This percentage 
was increased to 36 per cent during the second quarter and reduced to 
19 per cent and 11 per cent respectively during the third and fourth 
quarters. This particular observation is a partial confirmation of previous 
work (2), namely, that transportation duringthe firsthalf of an active period 
(fig. 2, part A) is greater than during the second half. The fact that the 
transportation force is as great in the second quarter as in the first, in 
contrast to our previous findings relative to transportation, is probably 
due to the technique employed which did not permit the balloon to descend. 

Although the pull pattern is practically always related to an active 
period, the intensity of the active period is not an invariable index to 



Fig. 3. Part A = Transportation force is correlated with the sj’stoiic pha.sc of the 
type III contraction. 

Part B = Rapid drum-showing that the start of the “pull pattern” occurs during 
the systolic phase of the type II contraction. 

the transportation force. Periods of activity of low intensity (fig. 2, 
part B) as indicated l^y pre.ssure changes in the balloon are often a.ssociatcd 
with a pull pattern of considerable length. On the other hand, active 
periods of as great an intensity (fig. 2, part C) may have no associated 
pull pattern. During the course of an active period one or more type HI 
contract ions ma}' appear. Since the pull pattern seems to be related to the 
type III period (fig. 2, part D) .such an active jieriod which contained 
more than one type III contraction would tend to have the pull pattern 
sjn-ead more evenly throughout the period. These facts are comparable 
to jirevious observations on transjiortation in which the balloon was 
free to move. 

Since the pull pattern (fig. 3, part A) was most evident during the 
sy.stolic phase of a type III contraction, the .s])eed of the kymogi'aph was 
iiuTcased in order to relate the transportation force to the different phases 
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of a single type II contraction. In the great majority of instances (fig. 
3, part B) the beginning of a pull pattern ivas found to be definitely 
related to the sj^stolic phase of a tj'pe II contraction. 

The data obtained from 17 charts, each of 75 minutes’ duration, revealed 
that 67 per cent of the pull patterns began during the systolic phase of 
type II contractions. Seventeen per cent started at the peak of type II 
contractions, while onty 10 per cent began in the diastolic phase. Oc- 
casionally the tone of the colon was sufficiently high to practically obliterate 
the appearance of rhythmic contractions. Onlj' 6 per cent of the total 
pull patterns started during this time. The low quantity of transportation 
force present during high colon tone is in keeping with the evidence 
presented by Quigley, Highstone and Ivj^ (3) that high intestinal tone is 
not conducive to the tran.sportation of a bolus, and confirms our previous 
observation (2) on the ti'ansportation of a balloon in the colon. 

SL^IMARY 

1. A technique is described by which a force acting to displace an object 
in the colon could be correlated with the motility at that instance. 

2. Transportation force in the colon is intimately related to the active 
period. 

3. The time during which transportation force is exerted upon an im- 
movable object in the colon is greatest during the first half of an active 
period, and least during the last quarter. 

4. The intensity of an active period is not necessarily indicatiA’e of the 
quantity of transportation force, 

5. The systolic phase of type II and type III contractions is more 
efficient in exerting a transportation force than other phases. 
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During recent .years, the brain stem and the spinal cord liave been ex- 
tensively explored in an attempt to locate the reactive regions for the 
contraction of the bladder (Rabat, Magoun and Ranson, 1936; Wang 
and Ranson, 1939a). Its efferent pathway has further been delimited 
by stimulating the anterior h 3 "pothalamus with lesions in the different 
regions of the brain stem and spinal cord (Wang and Ranson, 1939b). 
It was found that the response is generally not abolished if the lesion is 
limited to one side. Evidentlj', the sacral autonomic pathway" of the 
bladder is partiall.v crossed, but the location and extent of crossing arc 
not clear (Gruber, 1933). The present investigation was undertaken to 
determine more accuratel}' the level or levels of crossing. 

Methods. Chronic unilateralh' and bilatcrall.y hemisectioned cats 
were prepared. The operation was achieved through the dorsal apjjroach 
under intravenous nembutal anesthesia (40 mgm./kgm.). Five levels 
were chosen; midbrain, medulla, upper cervical cord, lower cervical cord 
and lumbar cord. In the midbi'aiji hemiseetions, the lesions were made 
in a plane extending from the inferior colliculus dorsalfy to the rostral 
part of the pons ventrallj'. The second hemisection at another level, if 
de.sired, was done about 2 to 3 weeks after the first operation. The animals 
were observed frequentlj- for bladder and other viscei-al disturbances. 

Experiments were performed on .some 30 cats, three or more weeks after 
the final operation. At this time all the animals were in good phy.sical 
condition. Light nembutal anesthe.sia wa.s u.sed (20 mgm./kgm., intra- 
venoush’). A sujorapubic incision was made to expose the urethra, into 
which a gla.«s cannula connected with a tambour was inserted. Botii 
hypogastric nerves were cut, the woxind was tlu'ii closed and 25 cc. of warm 
saline were injected into the bladder. Blood pressure was recorded from 
one of the carotid arteries b.v means of a mercurv manometer. 

The cat was then placed in the prone position, the skull trephined and 
bi])olar l)are-tipj)ed nichrome wire electrode introduced into the h.vpo- 

• by a urunt from tho Rockefeller Fouiuhitioii. 
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thalamus with the aid of the Horsley-Clarke instrument. The stimulating 
current was provided by a Harvard inductorium having a dry cell (1.5 V) 
in the primary and the secondary coil at 9 cm. The hypothalamus im- 
mediately caudal to the optii; chiasma and at the level of the median 
eminence was explored millimeter by millimeter. 

After the experiment was completed, the animal was perfused with 
10 per cent formalin and the level of the lesion in the spinal cord deter- 
mined. The hyjiothalamus and the spinal cord and/or the brain stem 
at the level of the hemisection were fixed in 10 per cent formalin, embedded 
in nitrocellulose and stained by the Weil method. The point of stimu- 
lation that yielded maximal responses and the extent of the hemisection 
were determined microscopically from a study of serial sections. 

Results. Unilateral hemisection. Animals with unilateral liemisec- 
tions at the level of the midbrain, medulla or spinal cord showed little in 
the way of viscero-motor disturbances. For the first few daj'^s, there 
was usually a slight miosis and relaxation of the nictitating membrane on 
the side of the le.sion, lint all showed much improvement and after a month 
or so the differences in the size of the pupils and in the extent of relaxation 
of the nictitating membranes were almost imperceptible. All of these 
animals could micturate normally. Stimulation of either side of the 
hypothalamus yielded both iire-ssor and bladder contractions in every 
case except cat 9 (sec table 1). In cats 5 and 8 the hyiiothalamus on 
the normal side was stimulated again after section of all the sacral roots 
on that side. Good bladder resjion.ses were obtained (fig. 1). 

Bilateral hemisections. With bilateral hemisections through the mid- 
brain on one side and the upper cervical cord on the other, the animals 
behaved like the former group and could all urinate voluntarily. Howe^’^or, 
if the hemisections were jilaced at the levels of the upper and lower cervical 
cord, or of the cervical and lumbar cord, the animals were unable to mic- 
turate normally at will. ''Autonomic bladder” with almost constant 
overflow would develop such as seen in animals with complete cord transec- 
tions. For this reason, the urine was pressed out twice a daj'^ in order 
to prevent the formation of ulcers in the perineum. In addition, stimu- 
lation of the hypothalamus in this group of animals (cats 16-22, table 2) 
failed to ;^’ield bladder contractions although spontaneous rhythmic con- 
tractions in no way connected with the stimulation were often seen (fig. 2). 
On the other hand, stimulation of the hypothalamus in the animals with 
hemisection through the mesencephalon on one side and through the 
upper cervical cord on the other (cats 12-15, table 2) resulted in bladder 
contractions, and in two of them both halves of the hypothalamus were 
equally active. 

Pressor responses were obtained in all animals vdth one of the hemi- 
sections placed in the midbrain or the lumbar cord. The h^’^pothalamus 
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TABLE 1 


Bladder and pressor responses folloioing stimulalion of the anterior hypoihalamns in 
the chronic unilaterally hemisectioned cats 


CAT DUMBER 

LEVEL OF 
HEMI8ECTION 

MAXIMOif CONTRACTION OF 
THE BLADDER 

RISE OF BLOOD PRESSURE IN 
THE CORRESPONDING BLADDER 
REACTIVE REGION 

Normal 

side 

Hemisectioned 

side 

Normal 

side 

Hemisectioned 

side 



mm.* 

mm.* 

711 tn. H" 

Vim* 

1 

Midbrain 

29 

25 

7 

10 

2 

Midbrain 

19 

17 

14 

12 

3 

Midbrain 

lo 

14 

14 

20 

4 

Medulla 

21 

18 

23 

20 

0 

Ca 

25 

23 

5G 

56 

6 

C; 

25 

25 



7 

Cr, 

31 

23 

34 

32 

8 

Cc 

27 

16 

27 

30 

9 

Cc 

39 

0 

44 

18 

10 

JjZ 

27 

25 

44 

44 

11 

Lt 

30 

26 

34 

34 


* The measurement refers to the height of the contraction of the bladder as indi- 
cated by the lever attached to the tambour and has no absolute quantitative mean- 
ing. In the individual experiment, however, the larger the value, the greater the 
force of the contraction of the bladder. 



Fig. 1. I —Transverse section through the spinal cord of cat 8 at the level of 
Ct, the extent of lesion being shown by oblique lines. 

II -KynU)graph rccord.s of rc.sponse.s to hypothalamic stimulation in the same 
cat. T{(;cord a was taken from that of tlie hemisectioned side; h, from tliaf of normal 
.“idc, nrid c, from the same point as that from which l> wa.s takam after section of all 
the sacral roots of tin* ipsilaloral .side. 'F racings from above downward riiprcscnt 
blntlder (H), blood pre.^.-iiire, the sign.al ami time in seconds. 
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TABLE 2 


Bladder and pressor responses following stimulaiion of the anterior hypothalamus in 
the chronic hilaterally hemisectioned cats 


CAT KUilBER 

LEVELS OP 
HEMISECnONS 

MAXIMUM CONTRACTION OF | 
THE BLADDER 

. J 

RISE OF BLOOD PRESSURE IK 
THE CORRESPONDIKG BLADDER 
REACTIVE REGIOK 

1 

Upper hemi- 
sectioned side 

Lower hemi- 
sectioned side 

Upper hemi- 
sectioned side 

Lower hemi- 
sectioned side 



mm. 

mm. 

mm. Hg 

mm. Hg 

12 

Midbrain-Ci 

29 

26 

14 

18 

13 

Midbrain-Ci 

26 

25 

8 

23 

14 

Midbrain-Cs 

Trace? 

35 ■ 

20 

24 

15 

Midbrain-Ci ' 

0 

33 

? 

10 

16 

Co-Cs 

0 

0 



17 

C,-C7 

0 1 

0 

26* 

28* 

18 

Co-Ci 

0 1 

0 

0 

0 

19 

Ca-Ls 

0 * 

0 

24 

62 

20 

Cs-Ls 

0 

0 

28 

38 

21 

Cs-Ls 

0 

0 

30 

40 

22 

Ct-Ls 

0 

0 

42 

68 


* The rise of blood pressure in this case was similar to that obtained on the spinal 
cats (Clark and Wang, 1939). They were delayed and sustained responses. 



Fig. 2. I — Transverse sections through the spinal cord of cat 21 at the level of 
Cs (above) and Ls (below), the extent of lesions being shown by oblique lines. 

II — ^I^ymograph records of responses to hypothalamic stimulation in the same 
cat. Record a was taken from that of the cervical (Cs) hemisectioned side, and b 
from that of the lumbar (Ls) hemisectioned side. Tracings from above downward 
represent bladder (B), blood pressure, the signal and time in seconds. Note the 
spontaneous rhythmic contractions of the bladder, which were often seen in chronic 
transectioned cats. 
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in the group with the midbrain lesion (cats 12-15) was generally less re- 
active, particularly in cat 15. In cats 17 and 18, the hemisections were 
placed at the level of the upper and lower cervical cord. No prompt 
pressor effect was obtained. Blood pres.sure was not taken in cat 6 (tabic 
1) and cat 16 (table 2). 

Discussion. It is difficult to section exactly half of the spinal cord; 
it is even more difficult to ascertain how much of the cord is functionally 
intact, especially if the section is made acutely. For these and perhaps 
other reasons, Spiegel and MaePherson (1925) could not decide whether 
or not the bladder impulse crosses in the cervical and thoracic cord. How- 
ever, we are now certain that the bladder impulse descends only in the 
lateral white columns and not in the dorsal and ventral white columns 
(Wang and Ranson, 1939b). Furthermore, in this experiment, narrow 
strips bordering the median sulci of the spinal cord arc definitely shown 
to have no correlation with the descending bladder impulse (fig. 2). The 
procedure of preparing chronic hemisection, on the other hand, would 
certainly eliminate the acute effect of trauma (edema, etc.) on the intact 
side. It appears to us also that severance of both hypogastric nerves 
is indeed necessary, especially in case one of the hemisections is placed 
in the lower lumbar cord. It is known that the hypogastric nerves formed 
largely from the white rami of the second to fifth lumbar segments contain 
some motor component to the bladder (Gruber, 1933), stimulation of 
which may yield a small contraction of the bladder. Such responses 
may be easily interpreted as the cro.s.sed component of the sacral autonomic 
.system. 

Difficulty was encountered in maintaining cats with hemisection at the 
level of the medulla. In the single experiment with section in the medulla, 
a large portion of the medial reticular formation on the sectioned side was 
found to have been left intact. Xoverthele.ss, the case is included in table 1 
because this structure does not carry an^-^ fibers mediating impulses to 
the bladder (Wang and Ranson, 1939a). At the level of the midbrain, 
the situation is quite different. Not infrequently, the contraction of 
the bladder was produced by stimulating the region bordering the midline 
(Kabat, Magoun and Ranson, 1936; Wang and Ranson, 1939a). For 
this reason, a number of experiments had to be discarded for the lesion 
was not extensive enough to exclude all the reactive region on the side of 
the section. In the few exjieriments here reported, some midlinc struc- 
tures have also been left uncut, but it is doubtful if they have any sig- 
nificance for mediating the bladder impulse. 

.Ml the animals with unilateral hemisections with the exception of cat 9 
showed decussations between the hypothalamus and the level of hemisec- 
tion. The most rostral decussation is demonstrated in cats 1-3, that is, 
a cross connection exists anterior to the midbrain lesion. In two cat.s 
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with cervical hemisections (cats 5 and 8 ), the bladder remained reactive 
to stimulation of the h 3 'pothalamus on the normal side after the sacral 
roots on its side were cut (fig. 1). There must therefore be another crossed 
connection caudal to the cervical lesion. The experiments with double 
hemisections at the levels of the upper and lo%ver cervical cord or the 
cervical and lumbar cord, gave no evidence of anj^ decussation at levels 
betAveen Co and L 5 . The lower decussation, then, is located caudal to 
the lumbar section. In the case of cats 12-15 with hemisection of the 
midbrain on one side and of the cervical cord on the other, a decussation 
at some level between the tw’o lesions is demonstrated. We have no 
satisfactoiy explanation to offer in the case of cat 9 and of cat 15, in which 
no decussation is demonstrated rostral to the cervical cord and midbrain 
respective^. The points of stimulation are identified at the desired level 
and thej’- are S 3 ’’mmetrical ; the lesion is also rightb^ placed. In a single 
experiment to show' the effect of unilateral section of the cord on the con- 
traction of the bladder induced 1 ) 3 ’’ lyqiothalamic stimulation (Magoun, 
Ranson and Hethcrington, 1938), the reaction w'as abolished to stimulation 
of the h 3 qDOthalamus on the side of the lesion and w'as retained on the 
opposite side. There might be some variation in animals of the same 
species. 

These multiple crossed connections at first seem superfluous. However, 
work reported elsew'here indicates that the 3 ’' exist. Kabat, Magoun and 
Ranson (1936) found that stimulation of the midline structures at the 
level of the diencephalon gives rise to good contractions of the bladder 
and suspected crossing in Me 3 mert’s and the supramammillaiy commis- 
sures. Barrington noted in 1925 that cats with bilateral lesions in the 
tegmental region of the pons ventral to the superior cerebellar peduncles 
show'ed permanent inabilit 3 '' to empt 3 ' the bladder, and therefore postu- 
lated the existence of a micturition center in that region. In the present 
scries of expeiiments, the nature of the decussation at these levels is not 
clear; it ma 3 '^ be a multiple one in the diencephalon and the pons, or a 
diffuse one in that region. As to the crossing in the lumbar region, nu- 
merous investigators have agreed that a reflex center chiefl 3 ’' concerned 
wnth micturition is located betw'een the second and seventh lumbar seg- 
ments (Gruber, 1933). And it is knowm that the centers there are con- 
nected with commissural fibers, and under ordinaiy circumstances the tw'O 
halves act in harmon 3 ’' (Griffiths, 1895; Stew'art, 1899). On the other 
hand, the absence of crossing in the entire spinal cord dow'n to the upper 
lumbar segment is indeed veiy striking. Stew'art (1899) w'ho stimulated 
the upper cervical cord Avith a needle electrode found no response of the 
bladder if the cord is hemisectioned below the stimulated region on one 
side and in the thoracic cord on the other. Possibb' because the cord 
W'as acuteb' hemisectioned, his negative findings have not apparent^ been 
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taken seriously. We have the advantage of not onty usmg a chronic 
preparation but also stimulating a region which is more remote from the 
lesion. The fact that those cats cannot micturate voluntarily further 
substantiates our conclusion that the bladder impulses do not cross in 
the entire spinal cord dovm to the upper lumbar segment. 

The pressor impulse descends from the h jTDothalamus and crosses partially 
in the brain stem and the spinal cord below the cervical region. This is 
in line vdth the evidence presented b}* Harrison, Wang and Berry (1939) 
on the unilaterally sympathectomized cats. In addition, our data indicate 
that there is no decussation of the pressor impulse in the cervical cord. 
And the delaj'ed and sustained rise of the blood pressure in cat 17 is prob- 
ably of a honnonal origin (Clark and Wang, 1939). 

CONCLUSION 

The anterior hypothalamus has been stimulated in chronic unilaterally 
and bilaterallj' hemisectioned cats for the contraction of the bladder. It 
is found that there is no decu.ssation in the entire cervical, thoracic and 
upper lumbar cord. Cross connections are, however, located in the brain 
stem and the lower lumbar segments. The decussation in the former, 
that is, the brain stem, may lie either multiple or diffuse in nature. 
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The numerous attempts to determine the effect of the hypothalamus 
on gastro-intestinal motility have led to conflicting and contradictory 
observations (Sheehan, 1940). By .stimulating the hypothalamus in the 
unancsthetized cats, Rabat, Anson, Magoun and Ranson (1935) observed 
under fluoroscopc immediate cessation of peristalsis and loss of tone of 
the stomach and small intestine. Beattie (1932a), Beattie and Sheehan 
(1934) and Heslop (1938b), using various methods such as naked-eye 
observation, x-ray and other recording means, found an excitatoiy effect 
on stimulation of the anterior hypothalamus and inhibition only limited 
to that of the posterior region. Massennan and Haertig (1938) on the 
other hand, reported that inhibition ^vas obtained with a stronger current, 
while weak stimulus always yielded an excitatory response. The present 
study is conducted to supplement the previous observation made in this 
laboratory by exploring the entire hypothalamus to uncover its vaiious 
effects on the stomach, intestine and colon, under a different set of 
conditions. 

jMbthods. With the aid of the Hor.slcy-Clarkc stereotaxic instrument, 
responses of the gastro-intestinal tract to faradic stimulation of the h3'po- 
thalamus from the suj^raoptic region to the mammillaiy bodies were ob- 
served. In the first series of some 30 cats, light ether anesthesia was 
administered through a tracheal cannula. A midlinc abdominal inci.sion 
was made and the abdominal muscles were tied around the neck of a 
shallow gla.ss container. Suspemsion of the animal in the upright position 
was made bj’ sipiport of the head through the frame of the stereotaxic 
instrument and ly strings passing under the supra-spinous ligament. Part 
of the small intestine and colon fell naturalh' into the container, in which 
warm Locke’s solution was kept at 39 to 40°C. It was later found to 
be more convenient to observe the intestinal movements through an 
elliptical window made of transparent x-raj' film with animal Ijdng on 

* Aided by a grant from the Rockefeller Foundation. 
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its back. The window and the abdominal wall were raised so that part 
of the gastro-intestinal tract could be seen. 

At first animals were given about 100 cc. milk 3 hours before the acute 
experiment. In such a preparation, the gastro-intestinal tract usually 
showed occasional outbursts of activity, chiefly in the form of peristalsis. 
Difficulty was encountered in differentiating the spontaneous activity 
from that which resulted from stimulation. Inasmuch as a definite ex- 
citatoi’y effect was often obtained during our early exploration, we con- 
fined our present studj'^ to its motor effect b}’’ choosing to use fasting animals. 

In another series of 20 cats, chloralose was used instead of ether. A 
dose of 70 mgm. per kilo body weight, injected intravenousl.y, was usually 
enough to keep the animal quiet. Balloons of various sizes were inserted 
into the stomach, small intestine and colon, and connected to water ma- 
nometers for recording the tone and motility of each respective organ on 
a slowly moving kj'mograph. In all these experiments, the stimulus 
was given through a bipolar nichrome wire electrode connected to the 
secondary coil of a Harvard inductorium with a dry cell (1.5 V) at the 
primaiy. The distance between the primary and secondary coils varied 
from 9 to 12 cm. In 4 cats the spinal cord was sectioned at the upper 
thoracic segment after a positive response was demonstrated. Bilateral 
vagotomy was done in 9 others. 

The anterior In'pothalamus of 7 chronic cervical sinnal cats was simi- 
larly explored. Kymograph records of tlie intestine and colon were taken 
in 4 of them and visual observations made in the rest. 

The sites of stimulation in the hypothalamus were checked histologically 
with sections stained by Weil’s method. The reactive points were plotted 
in 4 representative levels (figs. 1-4). 

Results. The intestine and colon of the fasting animals were generally 
quiet. There was no essential difference in the results obtained with 
light ether and chloralose ane.sthesia. AVhen the anterior In^pothalamus 
w.as stimidated with a weak but effective stimulus, u.sually for a period 
of 15 to GO seconds, there appeared at first .some definite blanching of 
th(i small intc.stine. The color returned immediately after the cessation 
of the stimulus; sometimes, it appeared more reddish than before. And 
a short while later, there not infrcciuently occurred .swinging movements, 
.sometimes segmentation and occasionally peristalsis. In most instances, 
the res])onses occurred in a few inte.stinal looj)s, and only in excciitional 
casc.-^ were the movements generalized. The colon appeared to be more 
responsive and peristaltic waves were more frequently observed (fig. 5). 
A .second stimulation of the same region usually brought about an equal 
or a smaller res])onsc, depending upon the length of the interval between 
stimuli. Cienerally .speaking, 10 to 15 minutes was found to be an adc- 
quatf; interval. When a rcsj)onse was obtained the .secoiid time, it usually 




Fig. 1. Transverse .section of the hypothalamus at the level of the optic chiasma. 
This figure inchules the data from 7 cats in which various responses were obtained 
in this plane. 

Fig. 2. Transverse .section of the hypothalamus at the level of the supraoptic 
commissures. This figure includes the data from 13 cats in which variotis responses 
were obtained in this plane. 

Fig. 3. Transverse section of the hypothalamus at the level of the median emi- 
nence. This figure includes the data from 11 cats in which various responses were 
obtained in this plane. 

Fig. 4. Transver.se section of the hypothalamus at the level of the mammillary 
bodies. This figure includes the data from 6 cats in which various responses wore 
obtained in this plane. 

Symbols and abbreviations for the figures 1-4 

The four figures represent sections of the hypothalamus taken from four difTcrent 
cats. Solid circles (•) represent delayed excitations of the gastro-intcstinal tract 
following unchanged activity during stimulation. Solid triangles (T) rcprc.sent 
delayed excitations following inhibitions during stimulation. Solid circles with 
circumscribed circlcs(<S') represent dchtyed excitation following immediate excita- 
tion dtiring stimulation. Empty circlc.s (O) represent excitation during stimulus. 
CP, cerebral pedtmcle: E, nucleus entopcduneularis; F, fornix; IC, internal capsule; 
ITP, inferior thalamic pcdimcle; GX, Ganser’s commissure; Hj, Hi field of Ford; 
//;, IT; field of Ford; Ho, anterior hypothalamic area; Ildm, nucleus hypothalamicus 
donsomedialis; liL. nucleus hypothalamicus lateralis; Hp, nucleus hypothalamicus 
posterior: Mm, nucleus mammillaris medialis; MT, mammillothalamie tract; MX, 
^leynen’s commisstire; OC. optic chiasma: OT, optic tract : S^^X, -supramammillary 
decussation; STh, subthalamicus nucleus of Imys; VPM, nucleus ventralis pos- 
tcromcdialis; HI. third ventricle. 
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occurred in the same few loops of intestine with the same latent period 
and the response lasted for approximately the same length of time. If the 
electrode was moved 1 mm. upward or downward, the intensity and dura- 
tion of the response might vary, but the latency appeared to be fairly 
constant. In general, the latent period was 40 to 60 seconds (average, 
52). It depended somewhat upon the length of stimulus; the longer the 
stimulus, the longer the latent period. In most cases, the excitator}’’ re- 
sponses would not appear before the stimulus was terminated. On the 
other hand, there were cases in which the excitatoiy response appeared 
in the midst of a prolonged stimulus and the latent period was not much 
lengthened. The response, the increase of tone and movement as repre- 
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Fig. 5. Kymograph tracings showing the delayed excitatory responses of tiie 
small intestine (I) and colon (C) with loss of colonic tone during stimulus. Arrows 
indicate the commencement of stimulus. Time in 6 seconds. Small e.xcursions of 
the tracing (I) arc respiratory. 

sented in figure 5, wa.s alwaj's gradual in onset. It might take a minute 
or two to reach maximum and vanished so slowly and smoothly that some- 
times it was difficult to make out the total duration of response. On the 
whole, it could be said that it lasted for 2 to 7 minutes, or longer in a few 
exceptional cases. Bilateral vagotomy in 6 of these cats was found not to 
abolish this type of delayed excitatory response (fig. 6). 

As the intestine and colon were quiet under the control condition, it was 
often difficult to observe any inhibition. In a few cases in which there 
was spontaneo\is activity, stimulation did not invariablj" obliterate the 
regular peristaltic waves. In such ca.ses, stronger stimulus did not alter 
the response, except perhaps the initial blanching wjis more marked. On 
the otlier hand, there were cases with inhibition of tone and other activitic.s 
during stimulus, but almost always supemeded later by increased ton(? 
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and contractions (fig. 5). Uncomplicated inhibition was only occasionally 
observed. 

On account of its anatomical location, movement of the stomach was 
not constantly observed through the window. In 15 cats, a balloon was 
inserted into the stomach through the esophagus. In many cases, the 
change during and following stimulus was small and complicated by the 
vigorous respiratory movements. In 2 cats in which the response of the 
small intestine and colon was very marked, the stomach showed also a 
similar delayed excitatory response. The effect in the.se 2 casts was sus- 
tained for more than 15 minutes. 

When the hyjiothalamus at the level of the infundibulum and mammillary 
bodies was stimulated, sometimes an entirely different tjqie of response was 



Fig. 6. Kymograph tracing showing the delayed excitatory response of the small 
intestine (I) after both vagi have been sectioned. Time in 6 seconds. 

Fig. 7. Kymograph tracings showing the immediate excitatory response of the 
small intestine .(I) in the tracing (a) which was abolished after vagotomy (6). Time 
in 6 seconds. 


observed (fig. 7). The tone of the intestine and colon was raised promptly 
with increased movement which lasted for the period of stimulus or con- 
siderably longer; the latency never exceeded 7 seconds and it returned to 
the normal quiescent state and tone promptly. This was easily repeatable 
and no period of rest was found to be necessary. These responses were 
not intermingled with the delayed response in each individual experiment. 
In the same animal this immediate response was obtained from points 
situated dorsally or caudally to the reactive region for the delayed response. 
However, as often only a limited area was stimulated in each experiment, 
there was usually only one type of response observed. In rare cases, a 
combined response of immediate and then delayed excitation with a short 
interval of quiescence was encountered. These two types of responses, 
even when they occurred together, could be differentiated without dif- 
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ficulty. In 2 cats the mammillaiy bod3’' itself was stimulated and no 
response was observed, ^^agotomj’^ in 3 of these animals (table 1) would 
invariablj' abolish the immediate response of the small intestine (fig. 7). 

In 4 cats, after a delaj’ed excitatory response was demonstrated, the 
spinal cord was cut at the upper thoracic segment. Stimulation of the 
same region did not again bring about similar response. Seven chronic 
cervical spinal cats were stimulated, 3 of which definitel}" showed no delayed 
response. In 2 of these animals an immediate excitatory response was 
observed on stimulating the hj^pothalamus at the infundibular level, which 
disappeared after vagotomj’. In the 4 others, onlj’^ a slight but delayed 
increase of tone and motility of the intestine or colon was demonstrated. 
In one of these animals, vagotomj'^ was done and the .slight response re- 
mained unobscured. 


TABLE 1 

Different types of gastro-infestinal responses following stimulation of the hypothalamus 



i 


NUMBER OF ANIMALS SHOWING: 


LEVEI. 8TIMUL.\TED 
(nchber refers to 
nOCRES) 

1 TOTAL 

NUMBER OF 
ANIMALS 

Delayed excitation following; unchanged 
activity (a), inhibition (b) or excita- 
tion (c) during stiinvilus 

Only excita- 
tion during 
stimulus 

1 

Negative 

result 



(a) 

(b) 1 

(0 


1 1 

12 

3 

3 

0 

1 

5 

2 ! 

15 

9 

3 

1* 

0 

2 

3 

16 

i 5 

4 


2t 

5 

4 

10 

2 

0 


4 

4 

Pituitrin (4 pres- 
.sor units) 

5 

2 ! 

! 

1 


1 ^ 

1 

2 


* Section of both vagi abolished the immediate excitatory component of the 
response. 

t Section of both vagi abolislied tiic responses. 


Discussion. It is easj’ to understand the mechanism of this immediate 
excitatory response. Since its onset is abrupt and prompt and its effect 
lasts as long as the stimulus or onh' slightly longer, a neural mechanism 
is definitely suggested. The fact that it is also found in spinal cats and 
disappears after vagotomj' clearty indicates a vagal effect. Bj' and large, 
this is very similar to the acute response reported b.y Beattie (1932a) on 
the stomach and by Ma.ssennan and Haertig (1938) on the small intestine; 
the former found that the gastric effect is abolished after section 
of both vagi. 

.\s to the dela.vcd exeitatoiy r&sjion.se, its mechanism appeal’s to us to 
be different. It has a latent period of 40 to 60 .seconds, its on.set is gradual 
and its effect lasts for several minuto.s after the ce.ssation of the stimulus. 

1 he re.'-pon.^es on the stomach obtained b.v Beattie and Sheehan (1934) and 
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Hcslop (1938b) were all delayed. The former stated: “There was a 
latent period of approximately 30 seconds between the commencement 
of stimulation and the first rise in inti’agastric pressure. With direct 
vagal stimulation the latent period was only a few seconds (never more 
than 10 seconds).” These authoi-s regard all the excitatory responses 
as vagal. Since our responses were obtained in several vagotomized cats, 
we cannot .suggest that these effects are identical. However, it is to be 
pointed out that the central effect, diffei-s distinctly in many way.s from 
the peripheral vagal effect (figs. 3 and 1, Beattie and Sheehan, 1934), and 
the difference is strikingly similar to that .shown in figure 5 and figure 7 
presented here. Furthermore, Heslop in his work on gastric secretion 
(1938a) reported tliat anteiior hypothalamic stimulation remained suc- 
cessful in accelerating the flow of gastric juice and raising the acidity in 
2 chronic vagotomized cats. However, his suggestion that these vagal 
impulses are reaching the stomach via an alternative route, needs some 
additional experimental evidence. 

It is known that secretion of the posterior lobe of the pituitary gland 
may be liberated following stimulation of the hypoi^hyseal stalk (Haterius 
and Ferguson, 1938) and that of the anterior hypothalamus (Clark and 
Wang, 1939). Though the effect of various fractions of the posterior lobe 
secretion on the gut is reported to be conflicting (Ceiling, 1926) and in- 
constant (van Dyke, 1936), our own re.sults seem to indicate that it has 
an excitatory effect on the small intestine and colon (table 1). 

On the other hand, in 7 health}' chronic spinal cats, none showed a 
definite delayed excitatory respon.se on stimulation of the anterior lu'po- 
thalamus, though in 4 of them (one vagotomized) its presence is suggestive. 
It is true that many of our stimulation experiments on the normal cats 
}’ielded negative results. The absence of a single convincing positive 
response, however, would certainly make us hesitant in suggesting that 
this delayed excitation is related to the hypophysis. At the same time, 
the absence of a similar response in these spinal, but vagus-intact cats 
Avould show that this response is not a simple vagal effect. Until further 
evidence as to its mechanism is available, we deem it wise not to assume 
that the delayed excitation is effected through the “parasympathetic 
center” in the anterior hypothalamus (Beattie, 1932b). 

SUMMARY 

The hypothalamus of more than 50 fasting cats was stimulated by 
faradic current under light ether or chloralose anesthesia. Its effect on 
the gastro-intestinal tract was observed through a transparent window or 
recorded by the balloon method. 

Stimulation of the hypothalamus anterior to the infundibular region 
yielded immediate blanching and occasional inhibition, followed by a 
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marked excitatoiy response. Its onset was slow and gradual, and its effect 
lasted for several minutes. Section of both vagi did not abolish this effect. 
Its possible mechanism is discussed. 

Vagal effects on the gut were obtained when the hypothalamus at or 
behind the infundibular level was stimulated. Such responses could be 
elicited in chronic spinal cats and were abolished after bilateral vagotomy. 
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In experiments previously reported (5), in which solutions of glucose 
were added to blood, it was found that when the concentration of glucose 
in the diluted blood was less than 1500 mgm. per cent, the glucose became 
evenly distributed between the water of cells and serum, and the added 
water was partitioned between the two phases in the same proportion as 
water added without glucose, or as solutions of urea. The increase in the 
volume of the corpuscular water was immediate, and almost proportionally 
equal to that of the water of the serum. When solutions containing higher 
concentrations of glucose were employed the cells swelled more slowly and 
when equilibrium had apparently been attained the increment of water in 
the cells was proportionally much less than the increment in the serum. 
Furthermore, with such solutions hemolysis did not occur. Since it was 
found that osmotically significant amounts of base did not escape from the 
cells, it was inferred that the permeability of the cell membrane was al- 
tered in some manner so as to limit the entrance of glucose into the cells. 

When a drop of blood was added to’ 3 cc. of glucose solutions of varying 
concentrations, hemolysis occurred in those in which the concentration 
was less than 2300 mgm. per cent. This variation in the concentration of 
glucose which prevented the free penetration of glucose into the cell in- 
dicated that the alteration in permeability is not entirely due to the increase 
in the glucose concentration. It is, nevertheless, intimately associated 
vith it, since there was no variation when solutions containing low concen- 
trations of glucose were osmotically fortified by the addition of non-electro- 
lytes (sucrose and lactose) and electrolytes to which the cell membranes 
are impervious. Eisenman, Hald and Peters (1) have shown that in the 
circulating blood, under conditions possibly associated with metabolic 
activities of the cells, the base in the cells may change without affecting 
the distribution of water between cells and serum. The latter is apparently 

' Aided by a grant from the Fluid Research Fund of Yale University School of 
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controlled by the osmotic pressure of the serum, in which electrolytes arc 
the chief osmotically active components. Similar paradoxical phenomena 
were not encountered when blood was properly handled in vitro. Halpern 
(4) has demonstrated also that if blood is kept at or below room tempera- 
ture cellular metabolism of glucose and associated transfers of phosphate 
proceed too slowly to be significant in the intervals of time involved in the 
experiments "with glucose under discussion. 

To define more exactly and possibly to explain the anomalous behavior 
of blood cells to glucose the experiments 'here reported were carried out. 
It was also hoped that they might throw some light on the change in the 
response of the tissues to glucose when the concentration of this substance 
in the blood becomes extremely high. The experiments of Wierzuchowski 
(8) would suggest that when the blood sugar exceeds a certain maximum 
figure glucose ceases to enter the tissues. 

Proceditre. To a portion of human venous blood which had been 
defibrinated by stirring mth a glass rod, glucose solution, in concentra- 
tions and amounts indicated in columns 2 and 3 of table 1, was added. 
After the diluted blood, thoroughly mixed, had stood at room temperature 
for from 15 to 30 minutes, the cell volume of the blood and the concentra- 
tions of glucose in whole blood and serum were determined. In most 
instances these determinations were repeated after an interval of 3 to 5 
hours; in 3 instances the final determinations were made after inteiwals of 
26, 48 and 50 hours respectively. In these cases, the blood was kept most 
of the time in a refrigerator at 5°C. The cell volume of the original was 
also measured. With the assumption that 72 per cent of the volume of the 
cells and 93.5 per cent of the serum were composed of water, the concentra- 
tions of glucose in the water of the cells and the serum were estimated. 
In another series of similar experiments, blood and serum were analyzed 
for inorganic phosphate instead of for glucose. In 2 experiments, in which 
dej-- glucose, instead of glucose solution, was added to blood, the measure- 
ments of cell volume and glucose concentration were repeated at 5 and 8 
hour intervals. In some experiments water, instead of glucose, was added, 
and the cell volume, serum proteins and base, cell volume and dry weight, 
or just cell volume determined. 

Analytical meihods. Glucose determinations were made on a Somog}! 
(7) filtrate after previously diluting the whole blood or serum to a conven- 
ient degree. The Shaffer-Hartman-Somogyi (6) titration method was 
used. 

The liske and Subbarow (2) method was used for the detennination of 
inorganic phosphorus. A micro modification devised by Kydd and em- 
ployed in this laboratory for many years was found quite satisfactoiy. 
Gne-half cubic centimeter of blood or scram was precipitated with 3 cc, of 
10 per cent trichloroacetic acid, and to 1 cc. of the filtrate, 0.7 cc. of 
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water, 0.2 cc. 2.5 per cent ammonium molybdate in acid, and 0.1 cc. .sulfonic 
acid reagent were added. Duplicates were analyzed in all cases. 

Serum proteins were determined by the macro-Kjeldahl method. 

Methods desciibed by Hald (4) were used in the estimation of sodium 
and total base of serum. 

Cell volumes were measured in a Daland hematocrit tube centrifuged 
at 1500 r.p.m. for one hour. 

Calculations. The increases of cell and serum water were calculated as 
previously described (5). Estimation of total osmolar equivalents is 
discussed below. 

Results and discussion. The results of the experiments in ivhich 
glucose was estimated are presented in table 1. 

As in previous experiments (5), when glucose solutions were added to 
blood so that the concentration of glucose was less than 1500 mgm. per cent, 
the added water and the glucose distributed themselves immediately and 
almost equally between the cells and serum. With higher concentrations 
of glucose water entered the cells quite slowly and hemolysis was never 
induced. Analyses revealed that with the less concentrated solutions the 
concentrations of glucose per unit of water in cells and serum were ap- 
proximately equal -within 30 minutes. With the more concentrated solu- 
tions there was decided inequality in the distribution of glucose, -with a 
tendency to approach equality as the water in the cells gradually increased. 
When dry glucose was added to blood this approach to equality was ac- 
celerated (expts. 17, 17 A, 18, 18 A and 18B). Although inequality of 
distribution was noted vitli a whole blood sugar concentration of 1900 
mgm. per cent, in other experiments the glucose of cell water reached 
5970 and 6700 mgm. per cent. There is not, then, a limit to the amount 
of glucose which can be made to enter the cells, but rather a change in the 
rate at which it enters. 

In part the differences in the reactions to weak and strong glucose solu- 
tions seem to depend upon the relative .speeds with which glucose and water 
diffuse across the membrane. This is apparent from the fact that as the 
concentration of glucose is increased, initial contraction of the cells is noted. 
The failure to attain final equality of distribution might on this account be 
ascribed merely to the fact that the periods of observation were not suffi- 
ciently prolonged. There are, however, arguments against this explana- 
tion. First and foremost is the fact that cells cannot be hemolyzed by 
these strong solutions and, therefore, presumably will not admit unlimited 
amounts of glucose and water. In the few experiments in which analyses 
were made as much as 26 and 50 hours after the addition of the glucose 
solution, the rate of entrance of glucose into the cells is less at the later 
times than shortly after adding the glucose, indicating, perhaps, that the 
rate is approaching zero. In addition, when the expeiiments -with dry 
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TABLE 1 

Results obtained when glucose in solution and dry was added to lohole blood 
The calculations are described in the text 



SOLUTION ADDED TO 

INCREASE OF 

GLUCOSE OF 

RELATIVE OSMOLAR 

TIME ^ 
AFTER 

EXPERI- 

BLOOD 

■WATER IN 

■WATER OF 

CONCENTH ATION * 

MEKT 









ADDING 









lOJilBER 

Volume per 
cent 

Glucose 

Cells 

Serum 

Cells 

Serum 

Cells 

Serum 

GLUCOSE 


cc. 

per cent 

percent 

per cent 

mgm, 
per cent 

mgm. 
per cent 

per cent 

per cent 

hours 

1 

30 

3 

33 

37 

920 

1030 

91 

92 

0.25 

2 

40 

3 

42 

52 

1030 

1212 

89 

88 

0.25 

3 

20 

11 

4 

31 

1295 

2480 

122 

129 

0.25 

4 

40 

11 

-8 

80 

1530 

4470 

138 

137 

0.25 

5 

50 

11 

2 

91 

2300 

4960 

142 

147 

0.25 

6 

50 

11 

-1 

108 

2160 

5120 

142 

146 

0.50 

7 

50 

11 

-13 

106 

1650 

4880 

146 

142 

0.25 

8 

60 

11 

-8 

115 

1560 

5400 

141 

149 

0.25 

9 

62.5 

11 

-8 

134 

2130 

5600 

136 

148 

0.25 


66.7 

11 

-8 

131 

1900 

5700 

145 

152 

0.25 

11 

66.7 

15 

-18 

140 

mm 

7600 

182 

186 

0.50 

12 

70 

15 

-29 

158 


7900 

177 

189 

0.25 

13 

75 

15 

-17 

139 

3300 

7820 

186 

192 

0.50 

14 

83.2 

15 

-23 

164 

3100 

8600 

192 

202 

0.25 

15 

70 

15 

25 

115 

HI 

7350 

185 

183 

2 

6A' 

50 

11 

26 

86 


4880 

140 

146 

3 

7A 

50 

11 

29 

77 

3450 

4400 

139 

141 

3.25 

9A 

G2.5 

11 

27 

108 

3650 

5200 

149 

146 

4.75 

lOA 

66.7 

11 

27 

112 

3400 

5400 

143 

150 

5.50 

llA 

6G.7 

15 

12 

122 

4930 

7400 

185 

185 

5 

10 

70 

15 

3 

130 

4650 

7600 

179 

187 

6 

13A 

75 

15 

8 

127 

4900 

7690 

190 

191 

5.25 

14A 

83.2 

15 

-13 

162 

HI 

8600 

204 

.200 

4.25 

12A 

70 ' 

15 


135 


7680 

178 

187 

9 


70 

15 

11 

132 


7400 

184 

182 

26 

IGA 

70 

15 

17 

125 

4800 

7550 

174 

187 

31 

1GB 

70 

15 

24 

121 

5440 

7380 

170 

185 

48 

15A 

70 

15 

37 

108 

5970 

7240 

184 

185 

50 

17 

Dry glucose added 

-21 

16 

3980 

6000 

200 

196 

0.33 

18 

Dry glucose added 

-25 

30 

5000 

8250 

220 

227 

0.50 

17A 

Dry glucose added 

-2 

7 

5050 

5500 

195 

193 

4.50 

18A 

Dr3" glucose added 


18 

6300 

7600 

227 

223 

5 

18B 

Dry glucose added 

0 

10 

6700 

7300 

222 

226 

9.25 


* Osmolar concentrations arc expressed in per cent of the original osmolar con- 
centrations, with the assumption that the latter were equivalent to a 5.50 per cent 
solution of glucose (for details see text). 


glucose are compared Avith those in wliich glucose solution.s were added, it 
wll he seen that in the forrner gluco.se and water are almo.sfc equally dis- 
tributed, %\hile in the latter there is a large discrepancy, although the con- 
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ceutrations of glucose in the dry glucose experiments are as high or higher 
than they are in the experiments mth glucose solutions.- 

At any concentration of glucose in the added solution the amounts of 
glucose and water that enter the cells seem to be, to some extent, indepen- 
dent of the degree of dilution. This is especially evident in the late ob- 
servations on the 11.0 per cent groups (expts. 7A and lOA). The cells 
increase 29 and 27 per cent ivith cellular glucose concentrations of 3450 
and 3400 mgm. per cent in experiments in which the blood was diluted 
50 and 66.7 per cent. In dilute solutions the increase of cell volume is 
directly related to the degree of dilution. Standing alone, this could be 
taken as dnect evidence that the permeability of the cell membrane to 
glucose is the limiting factor. But the dry glucose experiments, if con- 
sidered alone, would appear to indicate that the permeability to glucose 
is not an important factor, and that, possibly, the permeability to water is. 

In this connection the previously reported (5) slight differences in the 
increments of celkdar and serum water following the addition of water, 

* Other experiments were designed to test the possibility that the inequality of 
glucose distribution was merely a function of slow diffusibility of glucose in high 
concentration. Blood hemolyzed with saponin was placed in one chamber of a 
Lavietes filter, serum in the other, and glucose, in solution or dry, added to either 
side. No pressure was exerted on the intervening cellophane membrane. It was 
found that glucose in high concentrations diffused very slowly, and more slowly in 
hemolyzed blood than in serum or in saline. For e-xample, in one set of experiments 
glucose solution was added to the hemolyzed blood in one filter, to the serum in a 
second, and in the third serum plus glucose solution was separated by a membrane 
from serum. The amounts added were about the same. At the end of 8 hours at 
room temperature, the hemolyzed blood in the first filter contained, per unit of water, 
more than twice as much glucose as its opposing serum, 6300 mgm. per cent compared 
with 3000 mgm. per cent; the blood in the second contained less than half as much as 
its opposing serum, 3250 mgm. per cent compared with 7300 mgm. per cent; but the 
glucose had diffused with considerable more speed in the filter containing only serum, 
for the serum which had contained none, now contained 4200 mgm. per cent glucose 
per unit of water, compared with 5700 mgm. per cent on the other side of the cello- 
phane membrane. At these concentrations equality of distribution in serum and 
whole blood was not attained in 72 hours, but was in one experiment lasting 96 hours. 
If both sides of the filter contained serum, glucose distribution was still unequal at 
the end of 72 hours, but the disparity was not nearly so great as when one chamber of 
the filter contained hemolyzed blood. When saline was used instead of hemolyzed 
blood, distribution was almost equal in 24 hours. At lower concentrations, 1500 
mgm. per cent, there was equal distribution in water of hemoB'zed blood and serum 
in 8 hours. No significant difference was observed between glucose added in solution 
and glucose added dry. Although the absence of this difference might invalidate 
these experiments as being directly analogous, the slow rate of diffusion cannot be 
disregarded. On the other hand, the comparatively large sm-face area of the cells 
in whole blood should certainly facilitate diffusion, compared with the rather small 
area of cellophane in the filters. Until a more comparable set of conditions can be 
devised, the factor of the rate of diffusion of glucose cannot be evaluated. 
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urea solution and glycerol solution to blood become pertinent. The addi- 
tion of water to whole blood was repeated in a number of experiments and 
the percentage dilutions of cells and serum were calculated from the ob- 
seiwed cell volumes, the water contents of whole Ijlood and serum, tlie 
serum protein concentrations, or from serum base concentrations. The 
results are presented in figure 1, and completely confirm the pre^dous 



/jicreqse ofv/aierol^seruTn. per-cent 

Fig. 1, Percentage increases in water of cells and serum wlien water was added to 
blood. Calculations were made from cell volume, • , from cell volumes and deter- 
mined water contents, X, and from cell volumes, serum proteins and serum bases, O. 
Certain of the experiments. A, have been presented in a previous publication (5). 
The broken line is placed at an angle of 45°. 


obseiwations. The failure of the cellular water to increase as much, pro- 
portionally, as the serum water is quite definite, and is associated with an 
apparent osmotic anomaly not found when solutions of electrolytes are 
added to blood zn vitro (1), for the ratio (water of cells 2 /water of cellsii (base 
of semm HiOi/base of serum H 2 O 2 )) is not unity, but clo.ser to 0.95. 

Because, however, of experiments already cited, and because of the case 
\\ith which hcmoly.sis is induced with dilute glucose .solutions, and es- 
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liocially since cells at first shrink in strong glucose solutions, it is harcll}'^ 
permissible to assign the apparently changed permeability merely to the 
addition of water. For the present it must be surmised that both glucose 
and water control the penetration of glucose into the cell, and that to 
neither alone can be assigned a position of prime importance in an inter- 
pretation of the results. 

With the concentrations of glucose in water of cells and serum known, 
and since electrol 3 des do not cross the cell membrane, the osmolar concen- 
trations of the two phases can be compared at any point in the experi- 
ments. Serum and cells are isotonic Muth a 5.5 per cent solution of glucose, 
and therefore presumably contain the same osmolar equivalents as such 
a solution. If it be assumed, then, that cells and serum originally con- 
tained an osmolar concentration of 100 per cent or 5500 mgm. per cent of 
glucose, and due correction be made for changes in volume of the two 
media, the total osmolar concentration of the final contents of cells and 
serum can be estimated by merely adding the analytically determined 
concentrations of glucose in comparable tei-ms of osmolar equivalents. 
The experiments with water added would indicate the possibility that the 
electrolytes in the cell change their osmotic activities, but this possibility 
should offer no insurmountable objection, since such a change would al- 
most certainly be slight, and so affect little the results of the calculations, 
which are only approximations. It is evident from these estimations 
(table 1, columns 8 and 9) that at every stage of the transfer of water 
and glucose osmotic equilibrium is maintained, even when the distribution 
of glucose is most disparate. 

Analyses for inorganic pho.sphorus revealed no changes that could not 
be attributed merely to changes in the relative volumes of cells and serum. 
The passage of glucose across the cell membrane, therefore, involved no 
demonstrable reactions with phosphorus such as are noted when meta- 
bolism of carbohydrate in the cells is active. 

Such unequal distribution of glucose has been advanced as evidence 
that there is “bound water” in cells, that is, water that is not available as 
solvent. .Dilution of blood wth water seems to strengthen this concept. 
Nevertheless, although no alternative explanation for the anomalous 
beha^dors of glucose and water has been found, the weight of accumulated 
evidence is against such a concept, and the phenomena described are quite 
incompatible with it. The estimations of osmotic pressure prove that 
Avjthin the limits of error of the methods employed, all the water in cells 
and serum is available for the solution of solutes in general. In dilute 
glucose solutions there is complete equality of glucose distribution. In 
strong solutions the degree of inequality varies with the concentration of 
glucose solution added and the lapse of time. That factors other than 
these are involved, however, is evident from the fact that while the addi- 
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lion to blood of 15 per cent glucose solution results in a greater inequality 
than does the addition of 11 per cent glucose, the inequality of distribution 
consequent on the addition of dry glucose is much less than that observed 
vdth either of these solutions. 


SUMMARY 

When concentrated solutions of glucose are added to blood there is a 
marked discrepancy between the amount of glucose taken up by the cells 
and that remaining in the serum. The disproportion tends to diminish 
vith time, but does not disappear completely. The limiting factors in 
the free penetrability of the cell membrane to glucose are discussed but 
are not precisely defined. It is demonstrated, however, that despite the 
discrepancy in the distribution of glucose, osmolar equality between cells 
and serum is still maintained. 
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In 1934 Wiggers (1) proposed a procedure which with certain modifica- 
tions was used to stud}’' the phasic variations of flow in all three coronary 
arteries (2, 3, 4). This procedure involved the subtraction of the pe- 
ripheral coronary arterial pressure from the central coronary pressure. 
It yielded a curve (differential pressure curve) Avhose ordinate values 
were assumed to be at each instant proportional to the rate of cor- 
onary flow. 

The present communication is concei’ned with an experimental investi- 
gation of this assumption. For this purpose a procedure was devised, 
including the development of a new type of flow meter, by which it is 
possible to register both the peripheral coronary pressure and the phasic 
changes of inflow into the coronary artery at predetermined heads of 
pressure. By comparing the rate of inflow ■s\dth the corresponding differ- 
ential pressure (difference between perfusion pressure and peripheral 
coronary pressure) the relationship between differential pressure and flow 
has been determined. 

Methods. Apparahis. The flow meter (see fig. 1) consists of a reser- 
voir, B, containing about 5 cc. of blood, which connects through a three- 
way stopcock, S, and lead tube with the artery to be perfused. The 
reservoir is expanded at its upper end into a chamber, A, filled vnth air 
at the pressure at which it is desired to perfuse the artery. A sensitive 
optical manometer, MF, incorporated as an integral part of tHe chamber 
records the slight decline of the air pressure as the blood leaves the reser- 
voir, the rate of decline of pressure indicating the perfusion rate. The 
meter is rigidly supported by a heavy bar fastened to ilf . 

The peripheral coronary pressure and perfusion pressure are recorded 
by a Gregg pressure manometer, MP, connected with the lead tube. Both 
manometers, MF and MP, are fitted with special rubber membranes, — 

* Preliminary reports -were made before the Cleveland Section of the Society for 
Experimental Biology and Medicine, March, 1939, and before the American Physi- 
ological Society, Toronto, Canada, April 27, 1939. 
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that of the flow meter being 0.006 inch thick and that of the pre.ssure 
manometer 0.020 inch thick, and supplied with +1.0 dioptre planoconvex 
mirrors. At a projection distance of 4 meters the former has a sensitivity 
of 20 mm. for 1 mm. Hg with a natural frequenc.y of 150 per second and 
the latter a sensitivity of 40 to 60 mm. for 100 mm. Hg with a natural 
frequency of 200 to 250 per second. 



Fig. 1. Diagram of flow meter. Description in text 


Experimental procedure. Successful experiments were performed 
on eight dogs with essentially the same re.sults. After anesthetization 
with morphine and sodium barbital and institution of artificial respiration 
the heart was exposed and a short length of the ramus dcscendens together 
with a suitable side branch dissected free. The animal’s blood was ren- 
dered noncoagulable with heparin (75 units per kgm.) and chorazol fast 
j)ink (80 ingm. per kgm.). The side branch of the coronary was cannulated 
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and connected with the flow meter as shown in figure 1 and another pres- 
sure manometer similar to the one described above was connected with 
the aorta. 

Operation of apparatus. The reservoir is partially filled with blood 
(see fig. 1) and the pressure in the chamber is raised to the desired level 
(20 to 200 mm. Hg). After recording a few heart beats the main coronary 
vessel is clamped (at C, fig. 1), and the stopcock in the flow meter turned 
to the position shown in figure 1. As the blood enters the artery the 
chamber pressure drops slightly resulting in a progressive movement of 
the flow meter and coronary iircs-surc beams (from left to right) across 
the photokymograph lens. By vaiying the size of the chamber its rate 
of pressure drop can be gcnei'ally kept below 1 mm. Hg per heart beat 
and the sensitivity so controlled that the flow beam moves 12 cm. (the 
width of the sensitive paper) in 3-5 heart beats. 

To obtain the data necessary for constructing the differential pressure 
curve for comparison with the flow determinations the stopcock (S, fig. 1) 
is rotated 90° to the right, the coronary artery is clamped for 8-10 beats 
and the peripheral coronary iiressurc recorded with the iiressure manom- 
eter (MP, fig. 1). The correct s^’^stolic value of the peripheral coronaiy 
pressure is recorded by intermittently clamping the coronary artery during 
systole at a rate slightly a.synchronous with the heart rate. (See reference 
(3) for details.) 

The flow meter is calibrated during an experiment bj^ recording the 
amplitude of the deflection at a series of different perfusion pressures 
when 0.5 cc. of fluid is driven into or out of the reservoir with a tuberculin 
.syringe. 

Adequacy of the meter. The meter was tested as follows: 1, the meter 
was filled and connected by lead tubing to a 10 cc. syringe, the plunger 
of which (activated by a mechanical device) moved in and out of its barrel 
with a sine Avave motion and caused fluid to enter and leave the meter. 
The plunger movements were recorded simultaneous!}’- with the flow meter 
beam. In figure 2A Avith the plunger, P, making 12.5 double strokes per 
second (stroke Amlume 1 cc., M) the lag of the meter is less than 0.005 
second Avhile at lesser frequencies the lag is too small to read. 2. The 
floAv from the meter (at A^arious air chamber pressures) AA’as started and 
stopped abruptly either by rotation of stopcock, S, or by an intermittent 
compression of a rubber tube by an electromagnetic clamp (fig. 2B). 
There is no evidence of appreciable lag or OA’-ershooting. 

Results. In segment A of figure 3 the aortic pressure, AP, and cor- 
onaiy pressure, CP, are recorded simultaneously.- At time K the central 
coronary artery Avas clamped and the coronary manometer began to 

- To facilitate inspection vertical lines A, B, C, D, have been drawn through 
similltaneous points on the curA'es. 
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record the ])ressnrc in the. coronury artery distid to Ihe. clamp. At point. 
S the stopcock »S’ (fig. 1 ) was Inrned .‘-■o Ural blood under pressure of 1 13 mm. 
Hg (slightly les.s limn aortic .sy.stolic) entered the artery from the reservoir. 
3'lie coromiry artery manometer beam swing.s up and begins recording 


A 



Fig. 2. A. Test of adequacy of flow meter. record written Iw meter, upward 
movement = inflow of blood into meter; P, record written by a mirror attached to 
moving plunger of a syringe connected by a lead tube with the meter, downward 
movement = expulsion of blood from syringe into meter; time, s’ second; hag, in- 
dicated by vertical lines = 0.005 second. 

B. Test of adequacy of flow meter. Meter outflow interrupted by an electro- 
magnetic clamp arranged to compress a short length of thin walled rubber tube 
through which fluid leaves meter. ^[, record written by meter; C, record of signal 
in series with the clamp, upward movement indicates compression of tribe, down- 
ward movement release. Time, sh second. 

the perfusion pressure, PP. Within a short interval the flow beam, pre- 
viously off the field, begins to cross the record in an irregular slanting line, 
F. A definite flow exists throughout the cardiac cycle. 

During systole the rate of flow begins to diminish at (i.e., at tlie 
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beginning of the isometric contraction period), decelerates further to B 
and then remains relatively’- constant from B-C. 

During diastole the rate of flow starts to increase at C (coincident with 
the decline of the ])eripheral coronary pressure curve) and reaches a maxi- 
mum at D, i.e., at about the diastolic valley of the peripheral coronary 



Fig. 3. Comparison of differential pressure with flow. A. Record of flow. B. 
Determination of diastolic peripheral coronarj' pressure. C. Determination of 
systolic peripheral coronary pressure. AP, aortic pressure; CP, coronary pressure; 
AB and CB, base lines for aortic and coronary manometers respectively; PP, per- 
fusion pressure, measured with coronary manometer; K, time of clamping main 
coronary vessel; S, instant when stopcock (S) turned to position shown in figure 1; 
figures indicate pressures in millimeters of mercury. For other details see text. 


pressure curve. In late diastole (D-A^) the rate of flow is essentially 
constant. 

Comparison of the recorded flow curve with the flow curve constructed from 
the differential pressure curve. For this purpose the necessary tracings 
and reconstructions of figure 4 have been taken from figure 3. 
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Curve F (.solid line), figure ‘IB, is si tracing of the recorded flow curve 
in figure 3A. Curve F (da.slied line)^ i.s the theoreticsd flow curve recon- 
structed from the difTerentia! pres.suro curve, DP. The latter difterential 
curve was constructed a.s follows: The peripheral coronary pressure cun^e 
of figure 3B was raised to its propin- ordinate value of 67 mm. Hg (ef. 



coronary pressure curve (PCPi) enlarged to correspond to aortic pressure scale, 
calibration at left; PP, line corresponding to level of pressure at which coronary 
artery was perfused; vertical lines, differential pressure (perfusion pressure minus 
peripheral coronary pressure). 

B. Construction of theoretical flow curve from differential j)ressure curve and 
comparison with recorded flow curve. F, flow curves, solid line = recorded curve, 
dashed line = constructed curve; DP, difTcrential pressure, from .-V, scale at right. 
Theoretical flow curve constructed so that slope at each point is proportional to 
the corresponding differential pressure, the slope at the end of the first diastole being 
made equal to that of the recorded curve; figures correspond to rates of flow in latter 
part of diastole and midsystole respectively, in recorded curve. 

fig. 3C) and appear-s in figure 4A as PCPz- This was then subtracted 
from the constant infusion pre.ssure of 117 mm. Hg {PP of fig. 4A). The 
difiference (vertical .shading) (fig. 4A, B) represents the moment to moment 

“ Arbitrarily, the reconstructed and recorded flow curves were drawn with the 
same slope at the end of diastole while the slope at all other points was made pro- 
portional to this slope. 
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differential pressure between the perfusion pressure and the peripheral 
coronary pressure. 

“ViTiile it is realized that considerable error is involved in such recon- 
structions still if the differential pressure curve gives a reasonablj'' correct 
picture of the moment to moment flow then a reconstructed flow curve 
drawn from it so that the slope at each point is proportional to the differ- 
ential pressure should approximate the contour of the recorded flow curve. 
Certain differences are at once obvious in the reconstructed flow curves: 

1, the flow during systolic ejection is greater and is more gradually reduced; 

2, minimum flow is reached later, i.e., at the peak of the peripheral coronary 
pressure; 3, the acceleration of flow is less rapid during earlj* diastole. On 
the other hand, at the instant corresponding to the peak of the peripheral 
coronar 3 '^ pressure curve the slope of the recorded curve has increased 
sufficiently to apiiroximate that of the reconstructed curve. 

In making these comparisons one assumption made in previous work 
required experimental ^nIidation, i.e., the peripheral coronary pressure 
curve was considered as that pressure which at each moment would just 
not cause fluid to flow through intramural vessels. To test the accurac.y 
of this concept for two jioints on the flow curve, i.e., the maximal and 
minimal points, the coronary bed was perfused with blood at pressures 
approximate!}' equal to these two values. The resultant flow curves 
and PCP curves redi'awn from the original records are presented in figure 5. 
At perfusion pressures approximate!}' equal to the diastolic minimal value 
of the peripheral coronary jn-essure (12 nmi. Hg, cf. lines PPo, fig. 5) 
there is a to and fro movement of blood but no forward flow (line Fa). 
\ATien the perfusion pressure is raised to approximately the systolic maxi- 
mal value (82 mm. Hg, line PPi) the diastolic flow is considerable (line 
Fi) but the systolic flow is practically zero except for the isometric con- 
traction period. 

From these findings the conclusion is drawn that the maximal and 
minimal values of the peripheral coi-onary pressure curve equal those 
heads of pressure Avhich will just not cause fluid to flow into the coronary 
bed during the middle of systole and the latter part of diastole. 

The normal relationshi'p between differential 'pressure and flow. In pre- 
vious publications the rate of intramural flow at each instant Avas con- 
sidered proportional to the differential pressure (head of pressure minus 
peripheral coronary pressure). Measurements^ made on 125 records in 
different experiments shoived that the systolic rate of flow per millimeter 
of mercur}' differential pressure is consistently less than the diastolic for 

The points chosen for measuring the s^-stolic and diastolic flows were the latter 
portions of B-C and D-A^ (fig. 3) during which the peripheral coronarj’ pressure curve 
is changing minimally. In some records the systolic flow was determined at the 
peak of the PCP curve. 
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the same licavt. cycle (cf, table 1). For exami)le, in figure 4, during systole 
with a minimal differential pressure of 43 mm. Hg the flow is 25.5 cc. per 
minute or 0.59 cc. per minute per mm. Hg, while during diastole the flow 
is 1.04 cc. per minute per mm. Hg. 



Fig. 5. Tracings of curves to show rates of flow when coronary artery perfused at 
pressures corresponding to systolic and diastolic levels of peripheral coronary 
pressure. AP, aortic pressure, c.alibr.ition at left; Fi, flow curve when coronary 
artery perfused at a pressure equal to the systolic value (PPi) of the peripheral 
coron.ary pressure curve (PCP) ; Pi, flow curve when coron.ary artery perfused at a 
pressure equal to the diastolic value (PPi) of the peripheral coronary pressure; 
calibration, lower left, refers to peripheral coronary pressure curve and lines in- 
dicating perfusion pressure; figures at right of flow lines indicate the rates of flow 
at inid-.systolc and late diastole for the two flow curves. 

To studj’^ further the relationship between flow and differential irressure, 
the coronary bed was perfused at a variety of pressures and the rates of 
flow during the middle of systole and during the latter part of diastole 
compared wdth the re.sulting differential pressures. If the rate of flow 
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per millimeter of merciiiy differential pressure were alwaj’^s constant a plot 
of the values should fall along a straight line passing through the origin. 
Figure 6 is a graph of the results of a t 3 '’pical experiment. Despite the 
considerable spread of points, it is ob^dous that 1, the sj’-stolic flow is 
generallj’’ less than the diastolic for a given differential pressure; 2, above 
20-30 mm. Hg differential pressure the flow bears a linear relationship to 
differential pressure during both s 3 ’’stoIe and diastole. 

Discussion. The evidence presented in this paper confirms previous 
observations that the sj’stolic peripheral coronary pressure is generallj’ 
less than the aortic pressure and that there is a sizable inflow throughout 
systole when the coronarj' arteries are perfused with blood at aortic sj'stolic 
pressure. 


TABLE 1 


EX- 

PERI- 

AORTIC PRESSURE 


SYSTOLE 


DIASTOLIC 

FLOW, CC. PER MIN. 
PER MM. Hg, DIFF. 
PRESSURE 

MENT 

Syst. 

Diast. 

Perf. 

Press. 

P.C.P. 

Diff. 

Press. 

Flow 

P.C.P. 

Diff. 

Press. 

Flow 

Syst. 

Diast. 

1 

100 

73 

90 

80 

10 

cc. per 
min. 

9.1 

22 

68 

CC. per 
min. 

142 

0.91 

2.09 


no 

85 

no 

85 

25 

11.9 

22 

88 

117 

0.48 

1.35 

2 

137 

95 

124 

89 

35 

13.0 

35 

86 

102 

0.37 

1.19 

3 

120 

85 

115 

70 

45 

25.5 

20 

95 

96 

0.57 

1.01 


150 

117 

158 

78 

80 

85.0 

23 

135 

186.0 

1.04 

1.37 

4 

108 

98 

no 

73 

37 

2.4 

20 

90 

12.9 

0.065 

0.143 


122 

100 

160 

80 

80 

4.4 

20 

140 

18.0 

0.055 

0.13 


The rapid rate of forward flow recorded bj^ the meter during isometric 
relaxation, exceeding that predicted from the differential pressure curves 
(fig. 4) and in some instances even exceeding that during the latter part 
of diastole, probablj’’ represents inflow of fluid to fill the larger vessels 
compressed by the intramural tension during the preceding systole rather 
than intramural flow. Likewise the retardation of inflow during isometric 
contraction and mids 3 'stole is probabl 3 ^ more than the actual slowing of 
the intramural flow caused b 3 ' the restriction in the size of the available 
vascular bed. 

The findings presented (see fig. 6) indicate that above a differential 
pressure of thirt 3 ’' millimeters of mercuiy there is a fairb'^ linear relationship 
between differential pressure and coronary inflow for both systole and 
diastole, but that the inflow during the middle of s 3 ’'stoIe is proportionall 3 ' 
less than that during the latter part of diastole. Three possible explana- 
tions operating separately or together are advanced to explain the smaller 
systolic flow: 1, for the same differential pressure the intramural vessels 
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during systole undergo less expansion with the inercascd pressure because 
of their greater extravascular support; 2, the dee])ei* lying ve«sels are 
closed during systole thereby reducing the availaVdc bed ; 3, the potentially 



Fig. 6. Plot of the relationship between flow in cubic centimeters per minute 
(abscissa) and differential pressure in millimeters of mercury (ordinate) for mid- 
systole and late diastole measured in a large series of records from one e.xperimcnt. 
The different differential pressures were obtained b^’ perfusing the artery at various 
pressures. Circles represent flows in diastole, dots flows in mid-systole. 

greater compression force in the deeper laycis of the mj-ocardium displaces 
blood into more .superficial ve.ssels. 

Since in any one experiment the blood flow and differential pressures 
varj' in the same direction but not always by the same percentage amount, 
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the method of differential pressures may be used to determine the general 
contour of the intramural flow but may not be used in a stricth' quantita- 
tive manner to determine the magnitude of the phasic variations in cor- 
onary flow. 


SUMMARY 

The moment to moment rate of flow into coronaiy arteries was measured 
while the vessels were perfused under relativelj- constant heads of pressure. 

Comparison of the rate of blood flow into a coronaiy arteiy with the 
differential pressure (difference between the perfusion pressure and periph- 
eral coronary pressure) shows that: 1, the peripheral coronary pressures 
indicate the exact time relations of the changes of resistance to flow in 
the coronary arteries; 2, the sj^stolic and diastolic values of these curves 
correctly represent the heads of pressure that will just not cause inflow 
of blood during the respective periods of the cardiac C 3 ’'cle; 3, the differ- 
ential pressure curves represent the direction and roughlj’’ the magnitude 
of the phasic changes of coronaiy flow but underestimate the exact value 
of the moment to moment coronaiy flow. 

The curves obtained indicate that under normal conditions (perfusion 
of the coronarj’’ arteiy with blood from the aorta) the intramural blood 
flow vdll show a sudden retardation with the onset of isometric contraction, 
during systole forward flow will persist in most hearts, with the onset of 
isometric relaxation forward flow will rapidly increase and will remain 
rapid during the latter part of diastole diminishing slightl}’ with the decline 
of the head of pressure in the aorta. 

The authors wish to express their appreciation to Doctors Eckstein, 
Bo3’’er and Wegria for assistance in the performance of some of the ex- 
periments. 
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The normal coronary inflow logcllicr with the alterations in coronary 
flow induced by various circulatory changes have been studied by the 
method of differential pressures (1, 2, 3). With the development of a 
constant pressure flow meter (4), however, it was found that for normal jloic 
the differential curve rcjiresents the directional changes in flow but docs 
not indicate tbe exact value of the moment to moment coronary flow. 
Therefore we have reexamined various determinants of flow and have 
compared the recorded alterations of differential picssuros with the actual 
changes of coronaiy flow. 

The operative exposiu'c and experimental methods for recording differ- 
ential pressures and flow were identical with those previously described 
(1, 2, 4). The inflow into the coronary artery was measured by the con- 
stant pressure flow meter and compared with the existing differential 
pressures during appropriate control periods and 1, during perfusion of 
the coronaiy bed with Locke’s solution (decreased viscosity plus slight 
anoxia); 2, immediatelj’ after a temporaiy period of ischemia of the cor- 
onarj' bed; 3, after augmentation of the cardiac output by increasing the 
venous return (transfusion of blood or intravenous infusion of Locke's 
solution), and 4, at, different aortic pressures induced by compression of 
the lower thoracic aorta. 

For comparison of the flows, measurements were made of the systolic 
and diastolic rates of flow and also of the flow per minute per millimeter 
of mercurj’- differential pressure. For measuring the flows an interval 
was chosen in systole and another in diastole at which the peripheral 
coronaiy resistance was considered to be relatively constant, i.e., for the 
former at about the latter third of systole and for the latter late in diastole. 

Results. These are set forth in figures 1 and 2 and in table 1. The 
data under an 3 >^ one letter in the table are taken from the curves of the 
figures of the same letter. 

* Preliminary reports of this work were presented before the American PJiysi- 
ological Society at Toronto, Canada, April 27, 1939, and before the Cleveland Section 
of the Society for Experimental Biology and Medicine, Alarch, 1939. 
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The effect on coronaiy flow of substituting Locke’s solution for the 
animal’s own blood is illustrated in figure lA and B. In A, perfusion of 
the ramus descendens with blood at 115 mm. Hg pressure (slightly under 
aortic systolic) gives sj^stolic and diastolic rates of flow of 3.15 and 19.4 
cc. per minute respectively. After filling the constant pressure meter, 
cannula and superficial part of the coronaiy artery with Locke’s solution 
the rates of flow determined at the same infusion pressure are 12.9 cc. in 
systole and 66 cc. per minute in diastole. The peripheral coronary systolic 



Fig. 1. Records illustrating the effect on coronary blood flow of substitution of 
Locke’s solution for blood (A vs B) and of temporary ischemia of the coronary bed 
(C vs D). A, B are the respective controls. AP, aortic pressure; CP, coronary 
pressure; AB, CB, aortic and coronary base lines; IP, infusion pressure measured 
with coronary manometer; F, coronary inflow. 

and diastolic pressures are unchanged in the tivo conditions (85 vs. 87 
mm. Hg for systole and 20 vs. 23 mm. Hg for diastole). Hence with the 
same differential pressure existing during the two systoles (30 vs. 28 mm. 
Hg) and diastoles (95 vs. 92 mm. Hg) the corresponding flows are 400 and 
300 per cent of the control values. 

In other experiments in which the perfusion pressure approximates 
either the systolic or diastolic peripheral coronary pressure the rate of flow 
of Locke’s, like the controls with blood, approaches zero. 
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Following temporary ischemia of the coronary bed- the inflow is increased 
greatly without significant alterations of the peripheral coronary' pressure, 
A typical set of records illustrating thi.s point is presented in figure IC, D, 
In the control, C, with a jieripheral coronaiy pressure of 00 mm. Hg systolic 
and 25 mm, Hg diastolic and an infusion pressure of 115 mm. Hg the 
rates of flow arc 3.0 and 15.8 cc. per minute during systole and diastole 
respectively. After a two minute interruption of the blood suppl.y to 
the coronaiy artery the aortic jircssure is but slightly lowered and the 
peripheral coronaiy pressure is unchanged (D). Despite this the systolic 
and diastolic flows are increased to 9.5 and 31. S cc. per minute respectively. 


TABLE 1 
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1C 
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123 

103 
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25 i 35 

90 

3.0 i 15.8 1 0.14 

0.18 
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158 

119 

100 

115' 90 

25 i' 25 

90 

9.5 1 34.8 : 0.38 
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2A 

172 

122 

105 

11G{ 87 
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96 
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Increased cardiac output augments total coronaiy flow during diastole 
while during s 3 ".stole the effect is somewhat variable. The results of the 
intravenous infusion of blood on coronaiy flow are reproduced in figure 2 
(B as compared ivith A). Following slow infusion into the jugular vein 
the aortic pressure is moderateh’' increased and both the .sj^stolic and 
diastolic values of the peripheral coronaiy pressure are slightlj’ elevated. 
Perfusion of the coronaiy bed with blood at a pressure somewhat less 
than aortic .systolic (115 mm. Hg) during both the control period (A) 
and that of augmented output (B) increasas bj' approximateh' 40 per 
cent the diastolic flow, while the systolic flow is unchanged. 

When the aortic pressure is raised by compression of the aorta the pe- 

-'Ihe period of ischemia lasted in different e.xperiments from 30 seconds to 2 
minutes, an interval of time sufficientlj' long that it may be safelj' assumed that the 
muscle in the perfused area was extending instead of shortening during systole (5). 









Fig. 2. Records illustrating the effects of intravenous blood infusion (A vs B) and of elevation of aortic 
blood pressure (C vs D) on coronary inflow. INF, coronary inflow. Other letters .same as in fig. 1. 
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riljlieral coronary systolic and diastolic pressures are raised but, not. as much 
as the corresponding aortic ])ressui-es, Tlir; result is a marked increase 
in both systolic and diastolic dilTercntial j)ressures. 'This confirms a 
previous investigation (6). If now the coronary bed is perfused with 
blood under a piessure corresponding to the aortic systolic the flow is 
increased throughout the cardiac cycle (fig. IC, D), 

Such com])arisons of coronary flow and difTerential pn>ssures show as 
obsei'ved pi‘eviousl.y (-4) that in the same cycle tlu; systolic flow is generally 
less than the diastolic for the same difTerential pressure (cf. table 1). In 
comparing systoles and diastoles in different circulatory conditions, the 
flows may or may mit change in the same direction as the differential 
I)ressures. Following elevation of aortic pressure the flows and differential 
pressures both increase while in the other conditions listed here the flows 
all increase but the differential pressures either decrease oi' undergo no 
significant change. In addition, the magnitude of the alterations of flow 
bears no set relationship to the .shifts of differential prc.ssurc; as a rule 
the ratio of flow to differential pre.ssuro increases greatly (except during 
.sj'stole of increased cardiac output in which the ratio decreases slightly). 

SUMMARY AND CONCLUSIONS 

The effects of sevei'al altered circulatory conditions on coi-onar>' flow 
have been studied during perfusion of the coronary' arteiy with blood 
under a constant head of pressure. We have confirmed previous findings 
fusing the method of differential pressures) that in elevation of blood 
prc.ssure and increased cardiac output following augmented venous retimi, 
the coronary bed receives an increased blood supply because, although 
the aortic pre.s.surc rises, the peripheral coronary pre.ssure fails to rise as 
much. However the increase of flow which actually occurs is generally 
somcw'hat greater than that pi-edicted from the differential pressures. 

In addition, the reduction in viscosity of the perfusate by substitution 
of Locke’s solution for blood causes an unexpectedly large increase of 
flow, — amounting at times to .300-400 per cent of the rate observed with 
blood. Also, a period of ischemia of the coronary bed greatly increases 
the flow during the initial period of restored circulation. Such flow' aug- 
mentations are .suggested b.y the concomitant slight decrease in peripheral 
coronary pressure, but the method of differential pre-ssures fails to indicate 
the magnitude of the flow change. 

It is concluded that peripheral coronary pressure curves can accurately 
represent the time relations of the change of flow to the aortic pressure 
variations but do not indicate the magnitude of the change in resistance 
to flow under various circulatoi' 3 ’ conditions; hence the flow' itself is under- 
estimated. 
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Pliasic coronary flow and its determinants have been studied by the 
method of differential pressures (1, 2, 3, 4) and by the constant pressure 
flow meter (5, 6). Both arc laborious and in addition the former may at 
times underestimate the extent of variations of flow while the latter does 
not evaluate the effect of the pulsation of the central coronary pressure. 

To obviate these difficulties a method has been devised in which blood 
from a branch of the aorta is directed through a short cxteraal circuit 
containing a differential meter and then into a coronary arteiy. This 
paper is concerned with the use of this meter in registering both the moment 
to moment rate of inflow and the total inflow into the coronary arteries 
of dogs under essentially normal conditions. 

Apparatus. The meter consists of a device which generates a difference 
of ]5ressure (roughly proportional to the rate of flow) between two points, 
and a differential manometer for recording this difference of pressure. 

Blood flowing from the aoi*ta via the subclavian arterj’’ (SC, fig. 1) to 
the coronaiy arteiy, SBC, passes through a metal tube 2.39 mm. in di- 
ameter, approximately 4 cm.- long and containing a very thin orifice plate, 
D. The size of the orifice is varied to control the magnitude of the differ- 
ence of pressure and therefore the sensitivity of the meter. An orifice 
about 1.27 mm. in diameter was usually emplo 3 'ed. Two side tubes (CT 
and DT) each 1.19 mm. in diameter open off the main tube. The centers 
of these are 1.19 mm. from the orifice. To facilitate cleaning and sub- 
stitution of orifice plates of different sizes the main tube is constructed in 
two parts which in use are held fiiTnlj' together by a shell and screw cap 
(S and S). In some experiments a Pitot tube arrangement has been sub- 
stituted for the orifice. 

' Preliminary reports of this work were presented before the .American Phj’si- 
ological Society at the Toronto Meeting, 1939, and before the Cleveland Section 
of the Society for Experimental Biology and Medicine, May, 1939. 

- The actual dimensions may be varied at will but the same proportional relation- 
ship should be retained. 
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When flow occurs, the blood is momcnlarilj' accelerated as it passes 
through the orifice and retains this acceleration for several millimeters 
downstream. As a result, the velocity of flow past the downstream side 
tube, DT, is greater and therefore its lateral pressure is less than that of 
the fluid flowing past the upstream lateral tube, UT. This pressure 
difference becomes greater the more i-apidlj' the fluid flows. 



Fig. 1. Diagram of orifice, differential manometer and connections for measuring 
coronary inflow. Sec text for discussion and description. 

The two lateral pressures are conducted by lead tubes to the differential 
manometer which is similar in pnnciple to but different in design from 
that devised by 0. Frank (7). The upstream lateral pressure is trans- 
mitted to one side of a special rubber membrane, RM, 0.003 to 0.006 inch 
thick stretched 3-5 times over a manometer tip 4 mm. in diameter. The 
downstream lateral pres.sure is transmitted to the other side of this mem- 
brane by means of a water-tight chamber, LS, which surrounds the ma- 
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Domcicr tip. 'J’lii.s is fonstriiclod of Liioilo to aid in ronioving air I)ubb]e.^. 
A ])laDC mii-i'or, M , finado from a .small ])ic!C(‘ of a Biin'aii of Slaiidard.s 
certified counting cliamljor covenslip) i.s coated on its silvered .surface and 
Kide.‘j ^Yitb a siiec^ial adhesive^ in order to ]n-event .separation of the. silver 
when the mirror is immersed. 'Fo make hysteresis minimal the mirror 
is mounted on the membrane by means of a tiny hard I’ubber ])eg and ad- 
he.sive. Light enters the chamber and is reflected back through a -fO.oD 
])lanoconvex lens, L, made at least. 1.5 mm. thick to prevent warping. 
Since it is frequently impo.‘:.sible to mount, the mirror jjarallel with the 
lens, the Locke’.s .solution, with which the chamber is filled, forms a pnsm 
which sei)arates the eoloi- comimnents of the projected light. To correct 
this a small angled ])rism, P, capable of rotation through 360° i.s mounted 
in front of the lens. Th(' difTerential manometer is mounted in the carriage 
of a Gregg manometer (0, 10). The .side tubes, /. serve for filling and 
flushing the. manome.ter. We have not found it ncce.ssary to separate the 
chamber from the blood by an extra rubber membrane (see 7, 8). The 
aoilic pre.ssurc is I'ecordcd simultaneously with the flow by means of a 
Gregg pres.sure manometer (0, 10). As in the case of the flow meter a 
combination of a fiat mirror mounted on the rubber membrane and a 
planoconvex lens of proper dioptre reflects the light beam to the camera. 

Critique of apparatus. Because of eddy curi-ents induced by the orifice 
plate, 50 p(!r cent or more of tlie differential pre.«sure head i.s pennanently 
lost. To minimize this lo.ss the membrane of the differential manometer 
is made veiy sensitive so that a large orifice and therefoiv small differential 
prc.ssure can be used. To test the actual lo.ss of pre.ssurc in an experiment 
two pressure manometers (il/i and il/;, fig. 1) are usually connected to 
the blood stream some distance above and 'below the meter. In actual 
practice the pre.ssure lo.ss may reach 4-6 mm. Hg for a flow of 60 to 80 cc. 
per minute. In figure 2B, obtained from a mechanical setup in which a 
pulsatile flow was dii-ected through the meter, the loss of head was 5 mm. 
Hg for a flow of 50 cc. per minute. 

^\^len carefully filled so as to avoid air bubbles the assembled meter 
has a natural frequenej' between 70 and 120 dv. ])er second (tested by 
elevating slightly the pressure on one side of the membrane and then 
suddenly allowing the pre.ssures on the two sides to become equalized 
through the orifice connections). Figure 2C is a i-eproduction of a fre- 
quency curve obtained by this method when the sensitivity was 83 mm. 
deflection for a 10 mm. change of pressure with the camera at 4 meters. 

Calibration. During every set of records a .short segment of zero flow 
is recorded to detect any shift of the relationship between the flow and 
base line beams. At periodic intervals a complete calibration is made 
by disconnecting the orifice from the coronaiy circuit and driving Locke's 
solution or blood through it at measured rates of flow while recording the 
deflection of the flow beam. 
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The accuracj’' of such calilirations lias been tested in two ways (see 
fig. 3). 1. The deflection of the beam from the zero position is plotted 

on log paper against the rate of flow at each of a series of flows. In most 



Fig. 2. A, comparison of actual flows with those calculated from flow records. 
B, e.xample of the type of flow curve used in preparing A. The irregular contour 
was purposely obtained by adjusting the action of the mechanicallj'^ operated stop- 
cock which interrupted the inflow to the meter. C, typical frequency curve of the 
assembled differential manometer and orifice. 


instances the points lie along a straight line with a slope of 2 : 1 indicating 
that the deflection varies as the square of the flow. 2. Using a high per- 
fusion pressure the rate of flow is controlled by a valve placed first on the 
upstream and then on the downstream side of the meter, i.e., with first 
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a low and tlion a Iiigli j)ot(;ntial iioad of pressure in the orifice. In each 
case the points plot along the .same straiglit line. Changing cither the 
sensitivity of tlic differential manometer membrane or the size of the 
orifice displaces the ])lot but does not alter its slope. When blood is 
used as the measuring fluid the points fall along the same straight line as 
those yielded by I.>ocke’s .solution. 

InlcrprcUiiion of rcconh. 'Fhe rate of flow at any instant in a recorded 
curve can be determined by measuring the deflection of the flow beam 



Fig. 3. Tmcing of .-i plot of several flow calibrations on log log paper. Hate of 
flow (abscissa) in cubic centimeters per minute; deflection of flow beam from the 
zero position (ordinate) in millimeters. See plot for legend. Discussion in text. 


from the zero position and reading off the flow from the plot of the calibra- 
tion. To determine the total flow during an interval of time it is nece.ssaiy 
to determine the average rate of flow for that interval. This ma}^ be done 
conveniently by dividing the area bounded by the flow curve, the zero 
po.sition and the de.sired time ordinates b^' the horizontal distance in 
millimeters. However, since the deflection of the recorded flow cun'c 
varies as the square of the i-ate of flow, the curve first must be corrected 
to a linear ordinate scale. This may be done bj' replotting the ordinate 
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values of successive points on the recorded flow curve against a linear 
scale. The curves may be corrected more expeditiousl.y b 3 " the use of a 
square root extractor such as that devised bj' Broemser (11) and Green (12). 

To test the accuracj’ of the calibration for pulsatile flow the meter was 
perfused bj' a stream of fluid under constant pressure which was period- 
icallj' interrupted b.y a mechanicall\' operated stopcock. The frequencj^ 
and speed of interruption, and the rate of flow Avcre varied over wide limits 
in order to give a A’arietj’ of contours to the resulting flow curve. Records 
(sec fig. 2B for specimen) were made of the deflections of the flow beam 
together with collection in a graduate of the fluid flowing through the 
meter. The total flow for the experimental iieriod was calculated from 
the recorded flow curve and compared with that which was directh' meas- 
ured. Figure 2A is a plot of sevei'al such comparisons. The agreement 
is good. 

Technical -procedures. Successful experiments were performed on 17 
dogs. The animals were anesthetized with morphine and sodium bar- 
bital or sodium pentobarbital. Artificial respiration was begun, the heart 
was exposed, the main left descending coronary ramus and an adjacent 
side branch suitable for cannulation were dissected free. After rendering 
the animal’s blood noncoagulable bj’ the intravenous injection of heparin 
75 units per kgm. plus chlorazol fast pink 80 mgm. per kgm., the sub- 
clavian arteiy and the side branch of the left coronarv artery were can- 
nulated and connected to the meter and manometers. An electrically 
operated clamp was placed around the central coronaiy vessel as shown 
in figure 1. Closing stopcocks (not shown in fig. 1) between the manome- 
ters (Ml and M2) and the meter cau.sed the manometei’s to record the 
aortic and peripheral coronaiy pressures respectiveh’ and thus gave us 
the differential pressure records previoush' described (1, 2, 3) for compari- 
son with the flow records. 

Results. A normal flow curve. Figure 4, segment 1, reproduces in 
the lowest curve a normal flow record obtained from the ramus descendens 
anterior, in the middle curve the downstream pressure, and in the upper 
curve the upstream pressure. Slighth' sloping lines indicate simultaneous 
points in the curves. At the end of the first diastole. A, blood is flowing 
into the coronaiy arteiy at a rate of 28 cc. per minute. Approximate^' 
at the onset of isometric contraction, A, the rate of flow abruptly begins to 
diminish, and soon the flow line jiasses below the zero line, the maximum 
backflow being at the rate of 7.5 cc. per minute. With the onset of 
ejection from the ventricle and the rise of aortic pressure, B, the backflow 
diminishes and is rapidly converted to forward flow which reaches a maxi- 
mum (40 cc. per minute) shortly before the peak of the aortic pressure 
curve. It then again declines leveling off during the latter part of systole 
at approximately 20 cc. per minute. Coincident with the closure of the 
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aortic valve; and onset of isometric relaxation, 1), the inflow again rapidlj" 
aiigments (within 0.04 see.) to 40 cc. per minute and thereafter gradually 
declines with the diastolic fall of aortic blood pressure. As mentioned 
earlier, the; difference of lateral pre.ssurc above and below the meter even 
at the moment, of most rapid flow (i.e., early in diastole) is quite small 
(2 mm. Hg). During the period of backflow the downstream manometer, 
— as ex))ected, records a jire.ssure higher than the upstream manometer. 

Comiparisoi) of Ihc flow curve wilh Ihc (liffercnlial prcHHurc curve. In seg- 
ment 3 of figure 4 is recorded the contour of tin; p(;rii>heral coronary pressure 
curve, together with tiic diastolic value (21 mm. Hg), while in .segment 
2 the systolic value is determined as 89 mm, Hg.'"’ Figure 5A demon- 
strates the construction of the corrected i)eri])heral coronary pre.ssurc 



Fig. 4. 1, a typical flow curve. 2, determination of the systolic peripheral coro- 
nary pre.ssurc. 3, determination of the contour and diastolic value of the peripheral 
coronary pressure curve. AB, aortic pressure base line; AP, aortic pressure curve; 
PCP, peripheral coronary pressure curve; PCB, peripheral coronary pressure base 
line; F, flow curve; FB, flow base line. Figures along aortic and coronarj’ curves 
— pressure values for systole and diastole in millimeters of mercury. Calibration 
at left — rate of flow in cubic centimeters per minute — read to top of line. For other 
details see text. 

curve, PCP, from the recorded peripheral coronary pres.sure curve (dotted 
line, traced from next to la.st cj’^cle of figure 4, segment 3). DP is the dif- 
ferential pressure curve obtained by arithmetic subtraction of curve 
PCP from the aortic pre.s.sure curve AP. 

Segment B, figure 5 (dotted line), is a trace of the recorded flow curve 
in figure 4A. F (solid line) is the same curve corrected to a linear ordinate 
scale. For comparison this curve and the differential pressure curve 
of segment A have been put together in segment C, figure 5, by so adjust- 
ing their ordinate scales that they coincide at the zero points and at the 
rate of flow recorded at the end of diastole. The shaded areas represent 
the differences between the two curves. Fi’om the standpoint of the 

= Sec the previous papers (8) for discussion of the method. 
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recorded flow curve the important differences are: 1, a more marked decel- 
eration and the occurrence of actual backflow during isometric contraction 




AP 



Fig. 5. Diagrams: A, reconstruction of a peripheral coronary pressure curve. 
B, tracing of flow curve, dotted line; reconstructed so as to have linear ordinate 
values, solid line, F (compare scale at left with that in fig. 4). C, comparison of 
differential pressure curve with flow meter curve. D, method of measuring area un- 
der the flow curve to get total flow. See text for details. 

(A-B), and 2, a greater forward flow during the rest of S 3 '^stole, during 
isometric relaxation and during earlj’^ diastole. 
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The dislrihulion of the total Jloio. Measurement of the area under the 
recorded flow curve (segment D, fig. 5) give.s a total forward flow during 
S3'stolc of 0.06 ce. and a backflow of 0.006 cc. or a net flow of 0.054 cc. 
The total flow during diastole is 0.165 cc. or about three times that during 
.sy.stole. With a heart rate of 131 the total c 3 ’clic flow is 29 cc. per minute. 
In a series of experiments on difTercnt animals the “normal” .s 3 'stole; 
diastole ratio of flow varied from 1 : 1.75 to 1:7.4 with an average figure of 
approximateb' 1 :2.4. Total flows ranged from 5.7 to 35 cc. per minute 
with an average figure of a])])roximatel\' 21 cc. j)er minute. 

Discussion. While the flow curve in figure 4 represents the normal 
inflow into a coronaiw artciy, the n.'-'c of the moment to moment rate of 
inflow to interpret the mechanisms afifecting flow requires detailed anal- 
3 ‘sis. During a considerable portion of the cardiac cycle the rate of inflow 
and of intramural flow must clifTer. The main factons controlling intra- 
mural coronajy flow are j)robabl 3 ': 1, the aortic head of pressure; 2, the 
resistance to flow, which in turn is dependent uj)on the degree of contrac- 
tion of the intrinsic muscles oi the coronaiy vessels and the e.xtent of 
extravascular compre.'^sion or .support. The factors causing the total 
rate of inflow to be greater oi- le.ss than the intramural flow are: 1, the com- 
pressor action of ventricular s 3 '.stolc on eoronan’ ve.«sels, and 2, the volume 
elastic effects produced 1)3' the i)ul.sating aortic pre.«sure. With the.'JC 
five factors in mind it will be our purpose to see how far the flow curves 
presented here can be interpreted. 

The picture we conceive is as follows: During isometric contraction 
and carh' ejection the blood in the deeper h'ing and more strongh' com- 
pre.ssed coronar 3 ' vessels is forced backward into the larger pro.ximal 
channels and b 3 ’’ thus contributing to the .supph' of blood available for the 
less strongb" compressed and more supei'ficial vessels reduces the inflow 
from the aorta. This fact is demonstrated 1)3' the rise of coronaiy periph- 
eral pressure and 1 ) 3 ' the backflow recorded b 3 ' the constant pressure flow 
meter at appropiiate perfusion pressures during isometric contraction and 
earl 3 ^ ejection (5). As the aortic pre.ssure rises, the extramural flow in- 
creases due to the increased distention and therefore greater capacit 3 ' of 
the more superficial vessels. This effect also ceases at the peak of aortic 
pressure or slightb' later, due to the inertia of the moving column of 
blood. 

During isometric relaxation and earb' diastole the compressed nyo- 
cardial vessels are rapidh' released, thus causing the total inflow to 
exceed the actual intramural flow. As the aortic pressure drops, the 
expansion of the superficial coronal^' vessels is slowh' reduced, thus 
decreasing the total rate of inflow below the intramural flow. At the 
end of diastole both effects approach zero. 

The magnitude of these effects is large enough to produce serious 



NORMAL PHASIC FLOW IN CORONARY ARTERY 


123 


alterations of the inflow curve. Consl,ant flow meter studies (5, 6) have 
shown that ventricular contraction and relaxation may reduce the inflow 
during systole by 50 per cent and augment early diastolic flow by 25 to 
50 per cent. A'^olumc elastic studies made on the coronary vessels (3) 
indicate similarly that the change in capacity of the vessels as a result 
of the cyclic change of aortic pressure may leacli 25 or 50 per cent of the 
systolic flow. 

From such an anal 3 ’’sis it is deduced that during the last part of s^^stole 
and diastole respective^" the factors relating to extramural flow are 
largelj' removed and hence tlio metered inflow maj" approximate a true 
measure of intramural flow. In the actual records of flow (figs. 4, 5) 
the points probablj" representing intramural flow would be C oi- D for 
systole and A for diastole. 

In addition, during these two periods separate estimates can possibly 
be made of the two important factors controlling intramural flow, i.e., 
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the state of contraction of the coronary vessels and their extravascular 
support. This is possible because at the end of diastole, extravascular 
compression is at a minimum, while at the height of intraventricular 
pressure, compression is at a maximum. Comparison of the intramural 
flow at the latter time with that late in diastole gii’es a qualitative esti- 
mate of systolic extravascular contribution to the control of coronarj" flow. 

Since the intramural flow was found proportional to the differential 
pre.ssure (5) it is to be expected that with the reservations outlined above 
the flow curve given bj" the orifice plate meter should be patterned after 
the differential pressure curve. Figure 5, segment C, shows that the 
agreement is good, especially as to direction of movement and time 
relation of the changes. The differences in amplitude emphasized by the 
shaded areas approximate in magnitude and agree in direction with those 
predicted in the above discussion. However, one veiy definite difference 
appears; the ratio of flow to differential pressure at the end of systole, i.e.. 
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at that portion of the cycle when it ])rc.suinably indicates intramural 
flow, is greater than the same ratio at the corresponding interval at the 
end of diastole (com])aro the ain])liludes of curves F and DP at the points 
indicated by the simultaneous ordinates C and A or in segment C of 
figure 5). As evident from representative data in table 1 this is the usual 
occurrence in difl'erent exj^eriments. The true reason for this difference 
has not yet- been asccu-tained. 

"J’able 1 also shows the ratio of the aortic pnissure to the simultaneously 
recorded rate of flow in cubic centimeters per minute for the same points 
in the cycle. Comparison of the.‘je two show.s that the onset of systole 
increases the peripheral rcsisfaiu'c by 2 to -t times that present in diastole. 

SUMMARY 

1. A'- iiK'thod is described for continuous optical registration of the 
instantaneous rate of inflow into a coronary artery. This involves shunt- 
ing the blood from the aorta to the coronary artery through a short e.x- 
ternal circuit containing aii orifices (or other device) connected with a dif- 
ferential manometer. 

2. The left coronary inflow curves ho obtained demonstrate that begin- 
ning aj)proximately at the onset of isometric contraction there is a rapid 
retardation of flow but that with the rise of aortic pro.ssure during ejection 
the inflow rapidly accelerates, reaching a peak during the middle of the 
rise of aortic pro.ssure and then declining to a more or less constant rate of 
inflow during the latter part of s.vstole. Following the incisura there is 
again a rapid acceleration, the inflow reaching a peak early in diastole and 
then declining with the progressive fall of aortic ijressure in diastole. 

3. The inflow records are complicated by volume elastic effects due to 
the cyclic rise and fall of aortic pressure and by a compressor action of 
ventricular systole. 

4. Despite these complications, and unless some other unknown factors 
are operating, it seems probable that the rate of inflow at the end of di- 
astole just preceding isometric contraction, can be used as an index of 
intramural flow during diastole. 

5. Similarly it seems probable that the rate of inflow during the brief 
inteiwal at or just preceding the onset of protodiastole, i.e., at the peak 
of the peripheral coronary pressure curve, can be used as tfn index of the 
systolic rate of intramural flow. In almost all instances the sj'^stolic intra- 
mural flow so measured is of sizable magnitude. 

6. The rate of intramural flow per millimeter of differential pressure 
is greater during systole than during diastole. 

7. Simultaneous measurement of aoi*tic pressure and rate of intramural 
flow indicates that the resistance to blood flow existing during the latter 
part of diastole is increased from 2- to 4-fold during systole. 
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8. The total flow may be determined from the moment to moment flow 
curve appropriate procedures. 

The authors wish to express their appreciation to Dr. R. Wegria for 
assistance in the performance of several of these experiments. 
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In previous Avork (1, 2) the manner in vliich the relative sj-stolic and 
diastolic flows through the left coronaiy are modified under various dy- 
namic conditions, normal and abnormal, were estimated by analysis of 
differential pressure curves taken from a coronary ramus. Since we have 
now found Avith a constant pressure meter (3, 4) that such i)ressure dif- 
ferentials can alter less than the floAv, Ave have repeated those cx] 5 eriment.s 
registering simultaneoush" ijressurc differentials and inflow by means 
of the orifice meter described in the ijroceding communication (5), 

The results of tj'pical experiments are grouped together in figure 1 
and the essential data taken from each of these curves are gi\'en in table 1 
under corresponding letters. 

Elevation of aortic 'pressure. Blood pressure Avas elevated by compression 
of the thoracic aorta. As sIioami by comjAarison of records in figure 1, A 
and B, the systolic and diastolic Aoaa's increase significantly. The minute 
floAV, i.e., the sum of the SA'stolic and diastolic floAA's times the heart rate, 
increases from 10.3 to 36.4 cc. per minute during the increase in mean 
pressure from 22 to 91 mm. Hg. This confirms previous Avork on differ- 
ential pressures (1). HoAA'CA'er, the increases are proportionately much 
less than the eleA'ation of aortic blood jn’essure. If the ordinate lines 
A and B are regarded as indicating the times Avhen coronary floAv is largely 
intramural (5) both systolic and diastolic intramural floAvs are augmented, 
the former from 0 to 24 cc. per minute and the latter from 14 to 43 cc. per 
minute. HoAvever, as .shoAvn in table 1, A, B, the systolic floAV increases 
more than and the diastolic less than the corresponding differential 
pressures. 

Increased cardiac oxdput. (C and D of fig. 1 and table 1.) When blood 
Avarmed to bod}' temperature is sloAvly infused into the jugular A'ein the 

* Preliminary reports of these experiments were presented before the American 
Physiological Society at the Toronto meeting April 27, 1939, and before the Cleve- 
land Section of the Society for Experimental Biology and Medicine, March, 1939. 
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rig. 1. Records showing the effects on coronary blood flow of aortic compression (B), blood transfusion (D) 
ischemia of the vascular bed (F), and aortic insufficiency (H). Respective controls are A, C, E, G. Vertical lines 
(v4, B) indicate appro.ximatc ends of diastole and systole. AP, aortic pressure, CP, coronary pressure, CF, 
coronary flow. Time I second. Calibration accompanying each pair of records = rate of flow in cc./min. 
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minute coronary flow increases from 30 to 49 cc. ])er minute. Onlj' a .slight 
increase of pcripliera! coronary pre.‘i.snrc occuns cle.'jpite the considerable 
elevation of aortic pressure and as a result the differential pressure in- 
creases considerably both in .systole and diastole. The increase in .s^'stolic 
flow recorded by tbe meter is approximately proportional to the increase 
of differential pre.ssnre but irj diastole the flow increases more than the 
differential pre.ssnre. 

Ischemia of the myocardium. In tbe experiment illustrated in figure 1 
and table 1, E and F, a coronary ramus wa.s occluded for about 30 .seconds. 
Upon restoration of the blood flow the total and intramural flows .showed 
large increases both during .systole and diastole, while the aortic pressure 
and peripheral coronaiy .systolic and diastolic pre.ssures decreased con- 
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siderably. The .systolic differential pressure rises l)ut the diastolic remains 
unchanged. As a rc.sult, the flows increased much more than the differ- 
ential pre.s.surc.s. The minute flow increases from 17.3 to 30.8 cc. per 
minute. 

Aortic insufficiency. We liavc confii-med a ])reviou.s observation (2) 
that in aortic in.sufficiency the differential pres.surc increases during systole 
and decreases during diastole. The metered flows var}^ in the same direc- 
tion but change much less proportionately than the pre.ssurc differential 
(G and H of fig, 1 and table 1). In the example shown here due to the 
extreme fall of diastolic pressure the increase of .s5^stolic flow does not 
compensate adequately for the lower diastolic flow, and hence the minute 
flow decreases from 22,5 cc. to 16 cc. per minute. 

Aortic stenosis. Several ob.servations made before and during this 
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disturbance indicate that the flow changes correspond closely with those 
predicted from the differential pressure curves, namely, that there is little 
effect on diastolic flow but a marked reduction of sj^stolic flow. 

SUMMARY AND CONCLUSION 

Records of the moment to moment rates of flow and of the total inflow 
into the left coronary artery of dogs have been taken with the orifice meter 
together with the aortic and peripheral coronaiy pressures under different 
dynamic conditions. 

Study of such indicates that during both systole and diastole the total 
and intramural flows increase following aortic compression, blood trans- 
fusion, ischemia and aortic insufficiency (only during systole), while in 
diastole of the latter the intramural flow decreases and the total flow 
increases. The pressure differentials follow in the direction of the metered 
flows but since they change much less thej’^ can provide onlj'^ a qualitative 
measure of flow. These differential pressure changes may be less than, 
greater than or , the same as the flow alterations. 

The latter findings permit certain deductions, provided one subscribes 
to the idea previously advanced (5) that changes especially during diastole, 
in the ratio of intramural flow to differential flow may indicate alterations 
in size of the available coronary bed, and in addition that changes in 
systolic peripheral coronaiy pressure reflect changes in extravascular 
compression or support. 

Calculations made upon this basis indicate that following increase of 
cardiac work through simple elevation of aortic pressure the available 
coronaiy bed becomes smaller while in ischemia and in augmented cardiac 
work due to increased cardiac output the bed increases, because in the 
former the diastolic flow increases less than the pressure differential while 
in the latter the reverse is true. Substantiating this is the observation 
that the minute flow per millimeter Hg aortic pressure decreases with 
aortic compression and increases with augmented venous return. 

In elevation of aortic pressure, augmented cardiac output, aortic stenosis 
and aortic insufficiency, but not ischemia, the extravascular support is 
presumably increased as evidenced by the increased peripheral coronary 
systolic pressure. However, failure of such increase in extravascular 
compression to rise concomitantly with the aortic systolic pressure, is in 
part responsible for the augmentation of systolic flow in these conditions 
and its converse for the reduction of flow in aortic stenosis. 
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While considerable work has been done on the electrical potentials es- 
tablished by injury to the heart (renewed by Schiitz (1)) and an analysis 
of the changes so produced in the electrocardiogram has proved fruitful 
in clinical practice (cf. Bohning et al. (2), for example), certain aspects 
of the problem are still unsettled. This is particularly true of the genesis 
of the characteristic T wave deformity that occurs after injur 3 ^ 

In the present report, our observations from two tj’pes of experiments 
will be discussed. In the first the course of electrical events was followed 
in a spot on the mammalian ventricle during the development of and 
recovery from an injury produced by compression. In the second, the 
course of electrical events was followed in a scries of approximately 
equidistant spots within and outside of an injurj* produced by injection 
of 95 per cent alcohol. 

I. The course of electrical changes during the production of and recovery 
from a small injury in the dog’s heart. Two experiments were done with 
identical results. The animals w'ere anesthetized with nembutal (25 
mgm./kilo), the anterior chest wall removed and artificial respiration 
maintained. The pericardial sac w’as opened and arranged to cradle the 
heart. Unipolar leads w'ere used with the indifferent electrode placed 
beneath the skin of the left leg and the direct electrode on the surface of 
the right ventricle. Both electrodes were non-polarizable, and each 
consisted of a wick soaked in saline-agar and fastened to a porcelain boot 
filled with zinc sulfate solution into w^hich a zinc electrode was placed; 
the copper lead wire w^as attached to the zinc electrode. The connection 
to the electrocardiograph w^as such that negathity of the cardiac electrode 
gave an upw'ard deflection in the record. The Aviek of this electrode w'as 
incorporated in a pressure electrode, consisting of a small glass tube, 
tapered at the end in contact with the heart (preAiously described, Jochim, 
Katz and Ma 3 me, 3) ; the wick w'as passed through the tube and projected 
about 0.5 mm. from the tip so as to pick up the electrical currents from 

’ Aided by A, D. Nast Fund for Cardiac Research. 
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the center of the injury. The records were standardized so that 10 milli- 
volts gave a deflection of | cm. 

After placing the electrodes, the one on the heart very gently so as not 
to cause injury, a continuous record was made. During the course of 
the recording, gradually increasing pressure of a degree sufficient to cause 
injury was manually applied on the heart electrode (cf. Jochim, Katz and 
Mayne, 3), and then later, the pressure was graduallj^ released. This 
maneuver was repeated several times. 

In figure 1 a typical experiment is shown with segments of the record 
before injuiy (A), during increasing injuiy (B), during the injured state 
(C), during recovery from injury (D), and after recovery had been com- 
pleted (E). The sequential changes in potential of every second beat in 




Fig. 1. Segments from a continuous record of a unipolar lead from a spot on the 
dog’s ventricle showing changes occurring during the development of and recovery 
from a small injury produced by pressure on the special cardiac electrode. A, control 
before pressure was applied; B, during application of increasing pressure; C, during 
period of maximum injury; D, during release of pressure; E, after release of pressure, 
showing almost complete recovery. 

Indifferent electrode was on left hind leg. The intervals between successive 
segments of the record ranged from approximately 2 to 10 seconds. The isoelectric 
level for the top of the line is marked 0; upward deflection = negativity ( — ) of car- 
diac electrode, downward, positivity (+), Discussed in text. 

one experiment where compression was applied and released twice are 
charted in figure 2. The upper row of dots represents the negative po- 
tential of the injured area during diastole of the ventx’icles at the moment 
just before the beginning of the QRS complex. The negativity was 
measured with respect to the potential of this spot on the heart at the 
same moment before injury, i.e., the potential of the resting uninjured 
muscle. The lower row of dots represents the maximum positive poten- 
tial developed at the injured area during ventricular systole, i.e., at the 
lowest level of the S-T depression; the same reference potential was em- 
ployed as that used for the upper row of dots. In these experiments it 
is assumed that the potential of the “indifferent” electrode remains essen- 
tially constant (Wilson et al. (4, 5)). Since each milhmeter of the record 
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equalled 2 millivolts the potentials would be twice that of the ordinate 
scale. Since the cj'cle length was 0.25 sec,, each dot rcpre.sents 0.50 sec. 
in time. 

In.spection of these two figures will show that this compre.ssion type 
of injurj'' produced the following almost entirely reversible change.s in the 
potentials of the injured area: 

1. A decrease in QRS amiilitude involving the upright phase more 
than the inverted one; the pensislencc of this part of the electrical curve 



Fig. 2. Chart showing the time course of the dev'clopment and regression of the 
T-Q elevation and S-T depression caused by the development of and recovery from 
injury produced witii the pressure electrode. Two periods of compression and de- 
compression are shown. The maximum displacement in millimeters of the T-Q 
and S-T intervals of every second beat from a continuous record were plotted against 
time on the abscissa. Since the cycle length was 0.25 sec., the time interval between 
anj'" two successive points is 0..50 sec. The zero line represents the potential of 
normal resting muscle, i.e., just before the beginning of the QPS in the control record 
before compression. Discussed in text. 

was respon.sible for the notching of the downstroke of the full blown 
monophasic deflection (.seg. C., fig. 1). 

2. The development of a depression (positivity) of the S-T segment 
(vith the disappearance of the T wave) below the isoelectric line of the 
curve before injur 3 % Occasionally, a slight residue of this change per- 
sisted after the injurious compres.sion on the electrode was relieved (seg. 
E., fig. 1). 

3. The development of an elevation (negativity) of the T-Q interval 
above the isoelectric line of the control curve before injury. 
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4. The extent of the S-T and T-Q level shifts were not equal but they 
followed a similar time pattern of development and disappearance. 

Our observations confirm those recently made by E3'-ster, Meek, Gold- 
berg and Gilson (6) using different methods of producing injury and lend 
support to their view that injury causes the development of a potential 
distribution which can be explained on the assumption of the existence of 
two concentric rings of charges, the inner one negative and the outer one 
positive during ventricular diastole, and the reverse polarity during 
ventricular systole. We have explored the field in model experiments 

A B 



Fig. 3. Diagram showing the potential distribution in a saline field produced 
by two concentric rings of opposite charge. In A, the rings are fastened to the 
bottom of the dish so that the saline is divided into 3 separate compartments. This 
arrangement gives the potential distribution, shown below diagram, calculated by 
Eyster, Meek et al. (6). In B, the rings are merely immersed below the surface of 
the saline without breaking its continuity. The resulting potential distribution is 
shown below the diagram. In each, the zero level represents the potential of a point 
on the edge of the field. Discussed in text. 

with such concentric rings and have confirmed the potential distribution 
postulated by Eyster, Meek et al (6). It is important to point out that 
in order to obtain this potential distribution the concentric rings must 
be so placed in the field that they divide it into three separate regions 
ha^dng no communication with each other except through the rings them- 
selves (fig. 3 A). If the rings are immersed in a saline field without 
interrupting its continuity, the potential distribution is as shown in figure 
3 B, with a positive phase at the outer ring which falls off to zero as the 
periphery of the field is approached. 
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This electrical solution of the effect of injury is readib’- related to the 
classical membrane theory. In figure 4, avc ha^'c attempted to illustrate 
this correlation. In A the proposition is presented that at rest the electrical 
state of the sjmcjdial membrane maj* be represented b}-- a continuous 
polarized membrane with negative charges on the inside and positive on 
the outside; hence the external surface of the cell will be of zero potential 
during diastole, i.e., it will haA’^e the same potential as the indifferent 
electrode in the external field. During complete activation the polarized 
state being destroj'ed, no battery will exist and hence again the cell sur- 
face vill be of zero potential, i.e., it will have the same potential as it had 
during rest. 

However, several other possibilities exist: 1, a region of normal resting 
polarity may not respond during s 3 'Stole and remain polarized; 2, a region 
of complete depolarization maj’’ be caused by injuiy; 3, a region of partial 
depolarization may exist during diastole which responds during systole 
and has its depolarization completed, and 4, a region of partial depolariza- 
tion maj'' exist during diastole which does not respond during systole. 

B of figure 4 shows the first of these possibilities. During diastole, 
this is like a normal cell but during s 3 ’’stole the remaining polarized part 
of the cell vdll act as the source of current and give rise to a distribution 
of potential which can be produced by two concentric rings of charges, 
the outer ring negative and the inner positive. A monophasic action 
curve during the heart C 3 ’'cle could thus be obtained from this region 
without any injur 3 ’' current being present at rest. This has been described 
to occur by Ashman and Woody (7). 

C of figure 4 shows the second of these possibilities. The injured area 
is completely depolarized at rest and hence a unipolar or bipolar lead 
from this region Avill show a current of injuiy, the polarized uninjured 
part of the cell acting as the current source. The distribution of charges 
can be represented by two concentric rings, the outer positive, the inner 
negative. During systole, this double ring will disappear since the entire 

Fig. 4. Diagrams representing the distribution of charges on the two surfaces of 
a cell membrane at rest (on the loft in each diagram), and during complete activation 
(on the right). The heavy solid lines of the cell wall represent complete polariza- 
tion, the thin solid portions represent partial polarization, .and the dotted lines 
indicate complete depolarization. Just above each cell is indicated the resultant 
battery produced by the assumed distribution of charges. Below each cell is shown 
the potential distribution across the upper surface of the cell, referred to a distant 
point in the field as zero. Above each cell is shown a circular field viewed from above 
with appropriate concentric rings of opposite charge to give the potential distribution 
shown. These rings are assumed to be placed in the field as in figure 3 A (some 
slight modification would have to be made if the rings were as in 3 B). A, normal 
cell; B, cell with a region not responding during aclivaiion; C, cell with a region of 
complete injury; D, cell with a region partially injured hut responsive; E, cell with a 
region partially injured and irresponsive. Discussed in text. 
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cell will be depolarized. This slato will also give rise to a inonophasic 
curve from this region during the heart cycle, 

D of figure 4. represents the third possibility. PTcre the injured area is 
only partially depolarized at re.st. This is really a variant of the second 
possibility, the only difrcrcnce being that the resting current of injurj' and 
the monophasic action current will be .smaller in magnitude since during 
diastole the injured area will also act as a current source which vill neu- 
tralize in part the effect of the uninjured part of the cell. During systole, 
both sources of current will be eliminated. No reports of the actual oc- 
currence of the foregoing possibilities (C and D) have appeared in the 
literature. 

E of figure 4 represents the fourth possibility. During diastole a 
current of injury will flow for the same reasons as in cases C and D; 
but during systole the lack of response of the injured region will cause 
a reversal of the polarity of the concentric rings since the injured part of 
the cell will be the only part of the cell which will serve as the current 
source. This is the type of monophasic curve which Eyster, Meek et al. 
(6) and we, ourselves, have obtained. 

It is apparent from the above description that these newer observations 
are not contradictory to the classical view. The observations of Eyster, 
j\'Ieek et al. have, however, served to define the classical membrane theory 
in more precise terms. It has led us to the idea that regions may be in- 
jured, irre.sponsive, or both and while in each case monophasic curves 
occur, the potential changes wli differ in each case.- 

The concept outlined above to account for the changes in the electrical- 
time curve is not contradictory to the observations reported previously 
from this laboratory (Jochim, Katz and Mayne, 3). It is apparent that 
the bipolar lead from an injured to an uninjured area on the heart is the 
algebraic sum of the electrical variations from each as has recently been 
shown experimentally by Eyster, Meek et al (6). The onset of the 
monophasic curv'e in the bipolar lead used by us was thus the same point 
as that used in uninjured curves in unipolar leads (cf. fig. 5) and would, 
therefore, depend on when the activation in the uninjured area began. 
The onset and end of the monopha.sic curve in unipolar leads would be the 
same for all spots of the heart since as shown above it would be deter- 
mined by the time at which depolarization begins and repolarization ends 
in the ventricles. The end of repolarization in the uninjured area is shovm 
in the unipolar lead by the end of the T wave. In bipolar leads, this T 
wave summating with the cur\’’e from the injured area will alter the con- 

* The changes in the potential of the QRS in unipolar leads is dependent, in all 
likelihood, upon the presence of irresponsive areas beneath and adjacent to the 
electrode causing injury, and the degree of change in QRS is no doubt a rough meas- 
ure of this irresponsiveness. 
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tour and time of termination of the monophasic curves. It is thus appar- 
ent that the points used by us to measure the duration of the monophasic 
curve would be an index of the duration of activity of the uninjured area 



Fig. 5 T'ig- 6 

Fig. 5. Diagram showing summation of a unipolar lead from an injured area (A) 
with that from an uninjured area (B) to give the resultant bipolar lead of different 
duration (C), diagram of connection to galvanometer is shown on the right of each 


curve. Discussed in text. 

Fig. 6. Diagram with conventions as in figure 4 to illustrate the possible state of 
the cell membrane polarization during the inscription of the coronarj' type T wave 
found in the annular region around the injury— resulting from the ieinporary lag in 
repolarization of a partially injured responsive area. Discussed in text. 


and would vary with the location of the electrode on uninjured but not 
vdth that of the electrode on injured regions. 

II. The course of electrical events in a series of approximately equidistant 
spots loithiii and outside of an injury produced by 95 per cent alcohol. Ex- 
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perimeiits ^verc done on ton animals anesthetized with nembutal (25 
mgm./kilo). The procedure of exposing and preparing tlie heart was the 
same as in the preceding experiments. Similar non-polarizable mck 
electrodes were used, those on the heart not being enclosed in the pressure 
electrode but, instead, permitted to just rest on the epicardium. These 
wicks were fastened to their re.spcctivc spots by verj’’ fine epicardial 
sutures, care being taken to wait for cornjdetc recovery from this veiy 
mild injurj’- before starting the experiment. Unipolar leads were used, 
and those were standardized so that 10 millivolts equalled 1 cm. iSTormal 
control records were taken from a number of spots spaced equally along 
a st raight line across the surface of the right ventricle. The records were 
taken in quick succession by connecting each electrode on the lieart 
in turit through the galvanometer with the indifferent electrode by means 
of a rotary selector switch. 

After the control iccords were taken, a localized area of injury was 
produced by the intramyocardial injection of 2 cc. of 95 per cent alcohol. 
This injured area usuallj'’ extended beneath 2 to 4 of the spots on the heart 
upon which electrodes had been placed. The remaining spots extended 
over tissue near the margin of the injuiy and well out into noimal tissue. 
Immediately after jjroduction of the injuiy, the records were again taken 
from exactly the same spots that were used before for controls. These 
were repeated at lengthening intervals until the records showed a return 
to the normal contour, a period of to 4a- hours. 

The results of a t 3 'pical experiment are shown in figure 7. In this 
experiment the anabasis was integrated bj" making a series of 3 dimen- 
sional models (cf. fig. 8). Each model represents the time-space distri- 
bution of potentials before and at certain times after the production of the 
injury. For each model, one cjmlc of the record from a single spot was 
enlarged 5 fold, a cardboard backing pasted on each record and the curve 
cut out along its upper border. These cutouts were mounted verticallj’’ 
on a stand, the cycle from each .spot 1 cm. behind the other, with the 
point just before QRS in each in the same horizontal and the same vertical 
planes. It is recognized, of course, that placing these points on the 
same horizontal level ignores the .shift in potential of these spots as in- 
jurj'^ is induced, but this is not disturbing for the purposes of our analysis. 
The space between the cutouts was filled with modelling claj'- and smoothed 
over to make a three dimensional time-space-potential diagram. The 
axes represent: height, voltage; breadth, time in heart cycle; and depth, 
distance along heart surface. Before photography the models were coated 
with Alco-glaze and then painted white in order to preserve them and 
make reproduction easier. The models represent: A, control before in- 
jury; B, immediatelj’- following injuiy; C, D, E, F, G, and H, respectively 
o, 15, 30, 45, 60 and 75 minutes after injury. 



POINTS 




Fig. 7. Serial unipolar leads taken from 6 spots on the heart before and after 
intramyoeardial injection of alcohol. Each vertical numbered column contains 
segments of records made from the same spot at various times. Spot 1 was approxi- 
mately at the center of the alcohol-injected region; the remaining 5 spots were located 
in a straight line from spot 1 at approximately equal distances from each other spot, 
5 being outside and 6 well out into normal tissue. Series A was taken before injec- 
tion, and series B immediately afterwards. Series C, D, E, F, G, and H were taken 
5, 15, 30, 45, 60, and 75 minutes after injection respectively. Discussed in text. 
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T))c results obtained can be summarized as follows: 

1 . Changes in the contour of the QllS occurred first in the region in 
which alcohol was injected and later also in the other areas outside this 
region. This indicates that the pattern of activation of the heart in thi.s 
region i.s altered, first by the original injury and later, by the sub.sequcnt 
effect of the init ial injury on neighboring regions. The outstanding change 
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Fig. 8. Photographs of a scries of three dimensional models, each model made 
from the corre.spondingly lettered series of figure 7. The horizontal axis represents 
time during the heart cycle; the vertical axis represents potential; and the axis at 
right angles to these two represents distance from the center of injur 3 '. Discussed 
in text. 


was in the finst inverted pha.se of the QRS and onlj' slightb’^ less was the 
effect on the subsequent po.sitive pha.se. These experiments like tho.se 
of Wilson et al. lend support to the view that alterations in the pattern 
of activation are probably re.spon.sible for the alterations in the QRS in 
indirect leads in animals and man which are seen to follow localized ven- 
tricular wall injurj". In figure 8 these changes affect the contour of the 
precipitous QRS “canyon-mountain range.” 
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2. Changes in the level of the S-T segment in the form of a depression 
at fii-st confined to the region of the initial injuiy and its immediate en- 
virons and being greatest in the center and less marked at the edge. 
Later, as the S-T depression in the center of injury decreases, this differ- 
ence between the center and the edges of the injuiy lessened and the area 
over which the S-T depression was located extended outwardly. Eventu- 
ally, this S-T depression disappeared or tended to do so. The mechanism 
for its production would be along the lines mentioned in the possibilities 
discussed in section I and illustrated in figure 4. It is most likel}^ that 
possibility D is what actually occurs. Obviously, as restitution occurs 
with time and a now polarized surface is graduallj'^ established in the in- 
jured region, the variations in potential of this region between the resting 
and active periods of the ventricles will decrease. Because the injuiy is 
less at first at the margin than in the center of the alcohol injected area 
the potential variation during these two periods will be less in the former 
region. The slower restitution at the margins of the original area and the 
later extension of the injured area is attributed to the spread by diffusion 
and via the lymphatics of noxious material from the area originally injured 
by alcohol. This chain of events gave rise in figure 8 at first to a deep 
broad “valley” which midway back sloped steeiily upward; later, this 
was replaced bj’’ a shallower more extensive “valley” and ultimately it 
disappeared. 

3. The most strildng finding, hitherto not fully described as far as we 
know, was the late development of a characteristic upright T wave (seg. 
E., fig. 7) confined io the margin and the region surrounding the original 
injury. This T wave tended to wane later, more rapidlj^ in the outermost 
regions and, at the same time, it tended to appear in regions closer to the 
center of original injury (seg. G, fig. 7). Ultimately, it too tended 
to disappear (seg. H., fig. 7). The contour of this T wave is specific for 
the “coronary” T wave described in man,.namely, a peaked T wave, with 
symmetrical limbs, rounded shoulders and accompanied by an S-T seg- 
ment which both deviates and bows in a direction opposite to the T wave. 
This T wave appeared in figure 8 as a broad “mountain range” in the back 
of the model which sloped downward from back to the front; later its 
tilt from front to back decreased, as did its maximum height and ulti- 
mately this T was replaced by the normal broken uneven T wave “range.” 

On a purelj’^ electrical basis, follondng the views for the S-T changes 
which Eyster, Meek et al. suggested and which are confirmed by our 
work, this T wave change must indicate the presence of two pairs of con- 
centric rings at the time in the heart cycle when the T wave is recorded 
as shown in figure 6. The inner pair of rings would be located at the 
inner margin of the area where this T is recorded, with the positive charge 
on the inside and negative on the outside. The outer pair of rings would 
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Ije located at the outer margin of the area where this T is recorded and 
have the cliargcs of each ring the reverse of the inner pair. This would 
limit this T configuration to the area enclosed between the inner and 
outer pair of rings. 

This view can be correlated with the membrane theory. At the time 
the T wave is being written tlic process of restitution of the polarized 
state is occurring at the cell surfacas. It would, therefore, be logical 
to assume that the “coronary” T wave was an e.xpression of an alteration 
in the pattern in which this restitution takes place, and it would readily 
be accounted for along the lines developed in section I and illustrated in 
figure 6 if it were assumed that the region where this T wave occurs was, 
because of injujy, tardy in its restitution process while more or less nor- 
mal in its responsiveness to activation. In other words, in the ring-like 
region surrounding the originally injured region, there is left a more or 
less normal depolarization proce.ss during activation, hut there is a retardation 
in the rate of repolarization so that this region temporarily lags behind the 
rest of the ventricles. In figure 6 the membrane potentials are illustrated 
during this part of the heart cycle in a manner similar to figure 4. 

It would appear from this hj'ppthesis, that the “coronary” T wave in 
indirect leads following local mj’-ocardial injury in animals and in man 
could be explained a.s an electrical expression of the occurrence of re- 
gions in which the ability to respond to activation is not impaired to any 
extent but in which the injury has resulted in a retardation of the process 
of restitution of the polarized state. With the rest of the ventricle re- 
polarizing at its normal rate, a new potential difference is thus established 
which will wax and wane during this phase of the heart cycle in the man- 
ner which the contour of the coronarj^ T wave depicts. 

Apparently, then, injury can cause not onl}’^ 1, an alteration in the pat 
tern in which the impulse spreads; 2, an injury current during rest, and 3, 
a lack of response of some regions, but in addition a retardation of the 
recovery process in a region capable of responding more or less normally. 
When the last occurs, the characteristic T wave appears. It is of note 
that this not only occurs later than the S-T de^dation but originates in a 
different way and in a different region. 

SUMMAEY 

The electrical changes produced by an area of injury on the dog’s ven- 
tricle were studied in two types of experiments. In the first type, a very 
small injured area was produced by pressure, and by means of a unipolar 
lead from this spot, it was found that as the injury is produced, the spot 
becomes negative when the heart is at rest and positive during complete 
cardiac activation, measured vdth respect to the potential of normal 
uninjured cardiac muscle. These changes disappear on recovery from 
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the injury. This observation confirms the recent results of Eyster, Meek, 
ct al. (6). 

In the second type of experiment, a small area of injury was produced 
by intramyocardial injection of 95 per cent alcohol, and, by means of 
unipolar leads, the potential changes with time were followed in the 
injured area and at points on the ventricles at different distances from the 
center of injury. The results were: 

1. Changes in the contour of the QRS complex, indicating an alteration 
in the pattern of impulse spread, occurred in the injured area and later 
also in other areas outside this region. 

2. A depression of the S-T level occurred, which was maximum in the 
injured region and became smaller out toward the periphery. These 
changes tended to disappear vdth time. 

3. A coronary type of upright T wave appeared some time after the 
injuiy was produced, and was confined to the margin of the injury and a 
narrow region surrounding it. This T wave tended to disappear with 
time. 

An explanation of the results of both types of experiment is offered 
on the basis of the classical membrane theory. 

1. The change in contour of the QRS produced by injury is ascribed to 
alteration in the pattern of impulse spread. 

2. The T-Q elevation and S-T depression are attributed to the produc- 
tion by injury of a region which is partially depolarized at rest and ir- 
responsive duration activation. 

3. The late appearance of the large upright “coronary” T wave is 
ascribed to the production outside the original area of injury of a partially 
injured region which responds normally to activation, but which lags 
temporarily behind normal tissue in the process of repolarization. 
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The capacity of normal ti-ssucs to utilize ketone bodies was studied by 
Marriot (1) and later by Snapper and Griinbaum (2). The ob.servation.s 
of those Avorkers indicate that it is quite high. Chaikoff and Soskin (3) 
shoAved that diacetic acid injected into the dcpancreatized dog after 
hepatectomj’’ Avas utilized by the other tissues of the bodJ^ Embden 
and his co-Avorkers (4) found that the perfused liA^er added ketone bodies 
to the perfusing blood. Mirsky (5) shoAA'cd that the ketosis caused by 
anterior pituitary extract needed the IKer for its production. The.se 
obsei'A-ations together Avith more recent AA'ork (6, 7) ])oints to the IKcr 
as the site of formation of ketone bodies in ketogenic states. In such 
conditions Avhat is the role jdaj'ed by the other tissues of the body? Do 
they haA’’e a diminished capacity to utilize these .substances and hence 
alloAA' them to accumulate in the bod}’' or do they use these bodies at a 
normal I’ate, the ketosis resulting from a greatlj' increased production of 
them by the li\'er? The AA-ork reported in this paper is concerned AAith 
these questions. 

Little accurate AA'ork has been carried out on the rate of ketone utiliza- 
tion of normal tissues or of the tissues of animals in a state of "ketosis.” 
Chaikoff and Soskin (3) made measurements on their depancreatized dogs. 
They injected diacetic acid into these animals after hepatectomy and 
nephrectomy and folloAA'cd the blood ketones thereafter. The injection 
carried the blood ketones to leAmls above 100 mgm. per cent, from Avhich 
there Avas usually a rapid drop in the course of 2 or 3 hours to around 
10-30 mgm. per cent, AAdiere there Avas a tendency to leA'^el off. These 
results Avould seem to suggest that the utilization rate Avas A-^eiY high at 
the high IcAmls but not of any great magnitude at leA’^els found in ordinaiy 
conditions of ketosis. The recent A\mrk of Dye and Chidsey (8) supports 
this conclusion . Blixenkrone-Moller (9) measured the ketone body utiliza- 
tion of muscle by perfusing the hind quarters of cats and found that both 
normal and diabetic tissues burned ketone bodies at similar high rates. 
The concentration of the ketone bodies in the perfusing fluid aa'us quite high- 
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The aim of our work was to measure the ketone body utihzation in 
animals in ketosis, and in normals, with the blood ketone bodj'' concentra- 
tion at the low levels ordinarily observed in “ketosis” and with a minimal 
change from the normal physiological state of the animal. This we carried 
out b}^ the method of arterio-venous differences which has been p^e^dously 
described (10). The most important advantage of the method is that the 
tissues are not affected by the experimental procedures, as is the case 
in methods such as perfusion or tissue slice procedure, in which drastic 
changes maj’" be made in the condition or environment of the tissue. Also 
the concentration of the ketone bodies in the blood, which may be a factor 
in determining the rate of utilization, is kept at the natural levels. 


TABLE 1 


! 

PBEPARATION' 

! ACETONE BODIES 

j AS ACETONE 

A-V DIFP. 
AS ACETONE 

1 

A-V DIFF.* ! 
^AS ACETONE: 
BODIES 

A-V DIFF, ' 
OXTGEN 

PER CENT 
TOTAL ME- 
TABOLISM 
AS ACETONE 
BODY 

OXIDATION 

Arterial | 

1 

Venous 

Diabetic rabbit 

3.14 

1.57 

1.6 

3.1 



Diabetic goat 

3.15 

2.40 

0.8 

1.5 

6.40 

23.4 

Diabetic dog 

6.75 

6.25 

0.5 

1.0 

9.43 i 

10.6 

Diabetic dog 

11.5 

9.5 

2.0 

4.0 

2.00 

200.0 

Diabetic dog 

13. G ! 

11.9 

1.7 

3.2 

10.75 

29.9 

Diabetic dog 

24.1 

22.0 

2.1 

4.3 

1 5.50 

i 

78.0 

Phloridzin rabbit 

3.08 

1.75 

1.3 

2.6 

1 9.00 

28.8 

Phloridzin rabbit 

3.20 

2.20 

1.0 

i 1.9 

3.50 

t 54.3 

Phloridzin dog 

6.80 

6.10 

0.7 

1.4 

4.36 

32.1 

Phloridzin dog 

7.90 

6.80 

1.1 

2.1 

5.99 

35.0 

Phloridzin dog 

25.60 

23.60 

2.0 

4.1 

i 5.75 

1 71.4 

Phloridzin dog 

29.75 

1 

27.45 

2.3 

4.7 

5.75 

81.6 


* “Acetone bodies” are estimated by assuming that they are present as aceto- 
acetic acid (25 per cent) and /3-hydroxybutyric acid (75 per cent). 


The bloods were taken from the femoral vein and artery. The venous 
bloods were taken first. Nine cubic centimeter samples were collected, 
sufficient for both ketone body (11) and oxygen (Van Slyke manometric) 
deteiminations. Ketosis in the diabetic animals was brought about by 
withholding food and insulin. Phloridzin ketosis was produced by fasting 
and the daily injection of one gram of the drug in olive oil. Tiie results 
are given in table 1. 

In column 6 is given the per cent of total metabolism taken by acetone 
bodies assuming 1 mgm. of mixed ketone bodies requires 1 cc. oxygen for 
combustion. This column actually gives the fraction of oxygen consumed 
by ketone bodies. However the energy produced per cubic centimeter 
oxygen used in burning other foodstuffs in the tissues probably differs 
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little from that for the ketone bodies so that the figure given in column 6 
would approximate the percentage of total metabolism produced by burn- 
ing of ketone bodies. In one case (diabetic dog 3) the iSgure is impossibly 
high. This is obviously due to the verj” low oxygen A-V difference. This 
could be caused by a temporary rapid blood flow which would lower the 
oxjfgen A-V difference, but would hardly affect that for the ketone bodies 
since their concentration in the tissues would be little affected b}' sudden 
changes in blood flow and it is this concentration which is in equilibrium 
with the venous blood. The average for all values in column 6 excluding 
that of 200 per cent is 44.5 per cent. It is to be noted that these values 
tend to be higher when the blood ketone concentrations are higher, which 
supports previous work (8). 

Utilization in normals. The utilization of normal animals was carried 
out by determining the rate at which sodium dl-jS-hydroxjhutjuate could 


TABLE 2 


AKlMAli 

WEIOKT ] 

! 

TIME OF j 
IKJECnON' 1 

1 

1 AMOUNT 

1 INJECTED 

! 

I i 

{ ' 

1 AMOUNT j 
1 irxcriETED 

1 i 

KETONE BODIES, 
BLOOD MOM. PEK CENT 

rntizA- 
■nON, PEE 

zito me;." 

Stiirt 

End 


hgm. 

minutes | 


j mom. 




Rabbit 1 

2.66 1 

17 i 

74 

j 0.7 1 

3.9 

3.9 ! 

1.62 

Rabbit 2 

2.78 

25 i 

120 

i 12.1 

10.5 

11.7 

1.31 

Rabbit 3 1 

2.08 

23 

101 


7.6 

6.7 

2.30 

Dog lA 1 

13.3 1 

1 

IG 

256 

1 

1 i 

i -T j 

4.85 

1.39 

Dog IB 

13.3 1 

13.5 

205 

6.0 1 

0.3 

1.80 


* In calculating these figures a correction for the change in concentration in the 
tissues was made. It was assumed that 70 per cent of the body weight was water 
diluting the ketone bodies in the case of the dog, and 50 per cent for the rabbit. 


be injected intravenously into them without causing a change in the blood 
concentration. In such a steady state the rate of injection minus the 
kidney excretion represents the rate of utilization by the tissues. Hates 
satisfying .such a requirement were first established bj’’ trial and error in 
preliminary experiments. Thereafter our procedure was as follows: we 
injected the solution of sodium dl-/3-hydroxybutyrate (0.4 per cent in 
saline) rapidly at first in order to bring the blood ketone level into the 
region of that of our “ketosis” animals and then injected at the steady 
rate we wished to study, taking blood samples for ketone determination 
at the beginning and end of the period. The results are given in table 2. 

We may obtain an approximate idea of the utilization rates of our 
ketosis animals if we as.sume that the venous blood values are the same 
as those for the mixed venous blood. The utilization rates would then 
be the product of the A-V differences by the minute volume of the heart- 
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The values for our ketosis animals vdth low blood ketone levels are given 
in table 3. Cardiac outputs for the dog are from Marshall (12), for the 
goat from Barcroft et al. (13) and for the rabbit from Dock and Harrison 
(14). The utilization rates so estimated are if anything greater than 
in the controls. 

The oxj'^gen and ketone bodj'’ arterio-venous differences were determined 
in some of the control animals and are given in table 4. 

These differences on the average are smaller than those obtained on 
“ketosis” animals. This is probably due to the fact that the levels are 
rather low and also that but one of the ketone bodies was injected, whereas 

TABLE 3 


Ketone body utilization rates of “ketosis” animals lohich had blood ketone body levels 
in the same range as that of the control animals 


ANTMAL 

■urnJzATXON, 

PER KILO MIN. 

Diabetic goat 

mgm, 

2.0 

Diabetic dog 

1.45 

Pliloridzin dog 

2.03 

Phloridzin dog 

2.9 

Diabetic rabbit 

3.7 

Phloridzin rabbit 

3.1 

Phloridzin rabbit 

2.3 



TABLE 4 


ANIMAL 

KETONE BODY 
DIFFERENCES 

OXYGEN DIFFERENCE 

Rabbit 2 

mgm. percent 

1.0 

0.4 

1.2 

cc. per cent 

2.2 

1.5 

5.6 

Dog lA 

Dog IB 



the liver of the ketogenic animal adds both acetoacetic and jS-hydroxy- 
butyric acids to the blood. The liver is capable of changing /3-hydroxy- 
butjrric acid to acetoacetic to some extent (15). There is nothing in 
these results that would indicate that the tissues of “ketosis” animals 
are any less able to utilize ketone bodies than normal animals. It seems 
hardly necessary to compare the capacities of the two types of animal at 
higher levels; the “ketosis” animals there obtain such a high percentage 
of their energy from ketone body burning that the normal could not pos- 
sibly be much higher. 

The rSle of hetone todies in normal metabolism. A question arises when 
one considers that such a large fraction of total fat metabolism is carried 
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out ilirougli the intermediary steps of ketone Jjodics; is this a neeessaty 
preparation of the fats for the rcadj' utilization of them by tissues like 
the muscles? It does not seem to be absolutely so since in fasting animals 
after hepatcctomy (which stops all ketone bodj" formation) there is good 
evidence of utilization of fat (10). 'Fhc hepateetomized animal remains 
fairlj' quiet and has practically a basal metabolic rate. Would he be 
capable of carr\'ing on a high metabolic rate as a re.sult of exercise without 
the aid of this intermediary change of the fats if they were the predominant 
source of fuel? The utilization of ketone bodie.s b}' skeletal muscles is 
increased by having them work (9) although little change in ketone excre- 
tion or ketonemia level is brought about in the body as a whole as a result 
of exercise. It ha.s been .shown by one of us (17) that a subject on a con- 
stant ketogenic diet ma 3 ' tend to excrete .somewhat more ketone bodies 
in the urine on daj's of inactivit\' than on daj'.s of large expenditures of 
energ.v. The differences are not large, however.* 


TABLE 5 

Blood hclonc bodies in milligrams per cent 


j 

] 

1 DAY 1 

2 DAY i 

i 3 DAY 

8 a.m 

20. C 

26.4 1 

35.9 

12 noon 

10.3 

9.5 1 

i 8.8 

3 p.m. 

Urine 8 a.m. to noon in mgm 

472 

10.3 1 
278 j 

I 

538 


We made observations on a subject (75 kgm. wt.) on a constant ketogemc 
diet. On three successive daj's, with no breakfast, bloods were taken for 
ketone determinations at 8 a.m. and noon, and the urine wms collected for 
the period. Between the time of the blood samples of the finst morning 
the subject stajmd in bed, on the second morning he engaged in heavy 
exercise and on the third he engaged in light exercise. On the second 
day after the noon blood was taken the subject continued without food 
but stopped the exercise, and at 3 p.m. a third blood was taken. The 
results are given in table 5. 

The differences in urine excretion are rclativelj’^ unimportant in com- 
parison with the large amounts of ketone bodies which must have dis- 
appeared from the body in order to lower the blood level of them to such 
a degree. The heavj" exercise of the second day did not cause any greater 
drop in blood ketone level than occurred in the control days. These 
results are not incompatible with the findings of Blixenkrone-jVlolIer (9) 
which show' that exercise increased the utilization rate of ketone bodies. 

* Since this was written an article by Barker (J. Physiol., Vol. 97, No. 3) has 
appeared which reports similar findings. 
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These seemingly contradictory statements can be reconciled if we suppose 
that in 'Tetosis” states, the liver during exercise increases its production 
of ketone bodies commensurate with the increased utilization of them 
by the muscles and so leaves the balance between production and con- 
sumption the same as during rest. The blood ketone rise at 3 pirn, on 
the 2nd day of our series gives some support to this theoiy. We may 
best presume then that our present knowledge indicates that the ketone 
bod}’^ intermediary transformation is not necessary for the combustion 
of fats but may be a supplementaiy mechanism operating particularly 
when the bod 3 ’’ must expend large amounts of energ}’^ with fat as the fuel. 

Discussion. Our findings give no support to the concept that one 
molecule of fatty acid can give rise to but one molecule of ketone. The 
results indicate that from 30 to 80 per cent of the energy requirements of 
the tissues in ketogenic states may be supplied bj^ combustion of ketone 
bodies. In the conditions produced, around 80 per cent of the ultimate 
source of energj’- was fat. This would be made up predominantlj’’ of long 
chain fatty acids, and one cannot account for such a large ketone bodj’’ 
production and utilization if each molecule of fatty acid gave rise to but 
one molecule of ketone body. Butts (18), Deuel (19) and their co-workers 
using rat feeding experiments have shovm that the uiinarj'- acetone body 
production is greater than can be accounted for bj’’ a one to one ratio. 
Blixenkrone-MoUer (20) from observations on perfused diabetic cat livers 
concludes that 4 molecules of ketones maj’" be formed per . molecule of 
fatty acid. The recent work of Stadie, Laff and Lukens (21) with liver 
slices supports such a ^dew. We have therefore abundant support in the 
literature for the higher than one to one ratio between fatty acid and ketone 
which is necessaiy to explain our results. 

SUMMAEY 

We have determined the ketone body utilization of animals in a state 
of ketosis caused by pancreatic diabetes or phloridzin. The method used 
was that of simultaneous ketone body and oxygen arterio-venous differ- 
ences. The average fraction of the oxygen difference utilized by burning 
ketone bodies was 44 per cent. 

. Nonnal animals injected vdth /S-hj^droxybutyric acid show no greater 
utilization of ketone bodies than animals nuth ketosis. 

We have presented the view that the production of ketone bodies bj’' 
the liver and utilization of them by the other tissues is an important, 
though not necessarily inevitable, route for the catabolism of fatty acids. 
When the organism is in a state of ketosis, increases in metabolic rate (as 
in exercise) probably increase the rates of production and utilization of 
these substances. 
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The bulk of the experimental evidence on the function of the adrenal 
medulla seems to indicate that this portion of the gland plays no significant 
role in bodil3'’ economy during periods of rest, but that in conditions of 
emotion, asphyxia, exposure to cold and violent muscular exercise epi- 
nephrine is liberated reflexly. Functional changes following the injection 
of epinephiine and those following stimulation of the sympathetic nervous 
system are similar and Cannon has pointed out that these functional 
responses are useful in preparing the animal for activity in conditions of 
stress. The effects observed when epinephrine is injected include accelera- 
tion of the heart and augmentation of the heart beat, constriction of the 
blood vessels of the skin and splanchnic regions, increased blood pressure, 
relaxation of the bronchioles, deepened respiration, glycogenolysis in the 
liver, hyperglycemia, and release of erythrocytes from the spleen. All 
of these are valuable physiologic reinforcements in situations in which 
intense muscular activity is demanded. The functional importance of 
the adreno-sympathetic mechanism in mediating these important physio- 
logic responses during emergencies is well established. Studies on animals 
in which the adrenal medulla has been destroyed by a method which does 
not limit the functional activity of the adrenal cortex, and in which the 
rest of the sympathetic system has been left intact, however, have given 
little convincing evidence that animals following destruction of the adrenal 
medulla are less capable of survival than a normal animal in a condition 
of stress which involves vigorous muscular activity. 

Ingle, Hales and Haslerud found that destruction of the adrenal medulla 
did not limit the capacity of the rat to continue the work of the stimulated 
gastrocnemius muscle. In a recent study, one of us (D. J. I.) (4) observed 
that during the first few hours of stimulation the height of muscular con- 
traction is maintained much better by normal rats than by rats from 

1 Now residing in Philadelphia. 
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which the adrenal medulla has been removed. However, affer a few hours 
the amounts of work performed became similar and the total amount of 
work performed before the io.s.s of muscular responsiveness by rats after 
destruction of the adrenal medulla was just as great as that of normal rats. 
Ingle and Harris observed that the volunt ary activity of rats after destruc- 
tion of the adrenal medulla was normal. Richter confirmed this observa- 
tion. Campos, Cannon, Lundin and Walker found that inactivation of 
the adrenal medulla of the dog did not limit its capacity for prolonged 
work on the treadmill. 

In the present study we have compared the time taken for normal 
rats and for rats after removal of the adrenal medulla to swim until ex- 
hausted. The "emergency" type of situation dascribed by Cannon is 
more nearly approximated than in previous experiments. 

Methods. The adrenal glands of male rats of the Wistar strain were 
enucleated by technic described b3' Evans. The ojicrations were per- 
formed when the animals weighed from 45 to 85 grams. Similar rats had 
incisions only. All operations were performed Avith the animals under 
ether anesthesia and sterile technic was used. 

The tank used for swimming was made of galvanized iron, 22 inches 
(55.5 cm.) deep and 17 inches (42.5 cm.) in diameter. It was filled to a 
uniform depth for each series of tests with water lield at a constant tem- 
perature of 30°C. All the tests Avere made at the same time of day. The 
animals AA'ere fasted for tAA'cnty-four hours before the tests. Since rats 
are capable of sAvimming continuously for .several hours before exhaustion 
the time was shortened by tying a Aveight close to the proximal end of 
the tail. With a AA'cight of 10 gi'ams the aAmrage time required for exhaus- 
tion was from ten to fifteen minutes; AAith a AA'eight of 20 grams, tAA'o to 
three minutes. The experimenter (R. E, H.) Avho made the obserAmtions 
on SAvimming time Avas not aAvare of the identity of the animals at the 
time the tests AA'erc made. 

Experiments and results. A jireliminary experiment AA-as performed 
in Avhich a group of rats Avhieh had been used in preAuous experiments 
SAvam Avith 20 gram AA'eights attached to their tails. These animals were 
heterogeneous in body AA'^eight. Twenty-five rats in AA’hich the adrenal 
medulla had been destrojmd Avere compared to twenty-three animals 
AA'-hich had been subjected to incision only. There Avas no significant 
difference in the average time required for exhaustion in the tAA'o groups. 

In experiment 1, the animals were forced to swim when thej'^ reached 
a body weight of 180 grams with a weight of 20 grams. There Avas no 
significant difference in the aAmrage time required for the rats in the tiAm 
groups to swim to the point of exhaustion. In experiment 2, the animals 
were weighted with 10 grams, thus lengthening the time required for ex- 
haustion. The rats without adrenal medullas were superior to then con- 
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trols, this time to a point approaching the usual criterion for statistical 
significance. Since there is no obvious reason for the differences in favor 
of the animals without adrenal medullas, we are inclined to attribute the 
difference found to the vagaries of small sample in an undefined but prob- 
ably homogeneous population. 

Twenty of these animals were retested later, not less than two weeks 
after the first test. The coefficient of correlation between the scores on 
the test and retest was -1-0.90 ± 0.03. The results of experiments 1 and 2 
are presented in table 1. 

Comment. It is reasonable to conclude that under these experimental 
conditions the absence of the adrenal medulla does not decrease the ca- 
pacity of the rat to respond in a normal manner to this type of “emergency” 
situation. To generalize beyond these experimental conditions to the 
role of the adrenal medulla in all conditions of stress is not justifiable. 
It was not established bj^ these experiments that there is a reflex discharge 

TABLE 1 


Time required lo swim to point of exhaustion: rats with and without adrenal medullas 


EXPERI- 

MENT 

ADRENAL MEDITLLA 

NUMBER ! 
OF RATS 

■WEIGHT 

ATTACHED 

AVERAGE ' 
TIME 

DIF- 

[ FERENCE ! 

1 

nsHEn’s 

t* 




grams 

seconds 

seconds 


1 

Removed 

28 

20 

137.25 




Not removed 

28 


133.86 

3.39 

0.404 

2 ' 

Removed ' 

27 

10 

719.32 



i 

Not removed 

23 

10 

597.71 

121.61 

2.04 


* Fisher, R. A. Statistical methods for research workers. Edinburgh, Oliver & 
Boyd, 1930, p. 108. 


of epinephrine from the adrenal medulla during vigorous swimming. 
Unfortunately, there is no satisfactory test for the presence of epinephrine 
in the blood of the rat. Moreover, there are other possible sources of 
epinephrine or epinephrine-like substances which arc not eliminated by 
the destruction of the adrenal medulla. 

SUMMARY 

Normal rats and rats after removal of the adrenal medulla were com- 
pared in respect to the times required to swim to exhaustion when they 
were handicapped by weighting. The performances of rats without the 
adrenal medullas were as good under these experimental conditions as 
those of normal rats. 
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Before the chemoceptive function of the carotid and aortic bodies was 
known, the chemical control of breathing seemed a relatively simple prob- 
lem. Lack of O 2 and excess of CO 2 were regarded as normal respiratory 
stimuli operating solely at the respiratory center, and the changes in pul- 
monary ventilation of such chemical origin appeared to harmonize with 
changes in acidity of the respiratory center (Gesell, 1925, 1929). But when 
reflexogenic chemical control (Heymans, Bouckaert and Dautrebande, 
1930) as well as centrogenic control of breathing was established new prob- 
lems developed. Not only was it desirable to know the relative parts 
played by centrogenic and reflexogenic control, and the response of the 
center and of the chemoceptor to O 2 lack and CO 2 excess, but it was of 
equal interest to determine the interaction of the central and peripheral 
mechanisms. Our present experiments bear on these fundamental issues and 
we believe offer a simple reconcilation of facts with the acid mechanism 
of control. 

Method. Our method was relatively simple. It consisted essentially 
of temporary bilateral blocking and deblocking of Hering’s nerve during 
normal and modified breathing. The vagus nerves were sectioned to 
permanently eliminate those chemoceptor signals arising in the aortic 
bodies and to abolish interfering pressure reflexes arising in the aortic 
arch. Hering nerve block, therefore, prevented all known remaining 
chemoceptive signals from reaching the center and thus revealed breath- 
ing of purely centrogenic origin. Deblocking returned the reflexogenic 
component. 

The cold blocks were made of copper, shaped to fit neatly into the re- 
gion of the nerve after removal of the larynx. They were chilled and 
warmed with rapidly circulating alcohol. Temperature changes between 
37°C and — 3°C required 30 seconds. The moment of blocking and de- 
blocking was signaled when the temperature reached 0°C and 30°C respec- 
tively. 

^ This study was supported by a grant from the Rockefeller Foundation. 

® A dissertation submitted in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy in the University of Michigan. 
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In prcliminaiy experimcnls it was found that temporarj’’ Hering nerve 
lilock during eupnea might produce one of three effeefs, — increased breath- 
ing, decreased breathing, or no observable change. Such variability of 
results, noted by others as well (see Stella, 1935), is readily explained by 
the simultaneous elimination of two sets of signals ascending Hering’s 
nerve: a, excitatory signals coming from actively discharging chemo- 
ceptors of the carotid bodies, and h, inhibitorj' signals coming from 
stretched endings of the carotid sinuses. Should the inhibitoiy action 
of the carotid sinus be greater than the cxcilatoiy action of the carotid 
body an increased volume of breathing would be e.xpected to occur during 
neiwe block. On the other hand, .should the e.xcitatory action of the caro- 
tid body be greater than the inhibitoiy action of the carotid sinus de- 
creased breathing would occur. Should both actions be equal there 
would be no change in breathing at all. 

The correctness of these assumptions was confirmed by further orienta- 
tion experiments in which blood pressure changes were automatically 
compensated at relati\'’ely low pressure levels or in which the carotid 
sinuses were collapsed. Under these circumstances block never produced 
an increase of breathing. There was either a diminution or no effect at 
all. Each sinus was, therefore, routinelj’’ collapsed.^ 

Our observations were made exclusively on dogs (anesthetized with 
morphine (3.5 mgm/kilo) and chloralose (100 mgm/kilo)) under the fol- 
lowing conditions: 

1. During hypocapnia produced by excessive artificial ventilation with 
a room air mixture. 

2. During acute hypercapnia produced by the administration of 10 
and 15 per cent COz mixtures in 65 per cent Oz. 

3. During progressive hypercapnia produced by rebreathing a small 
volume of a high Oz mixture without reabsorbing the exhaled COz. 

4. During acute Oz lack of graded intensities produced bj'’ breathing 
varying Oz mixtures in Nz (40 to 6 per cent Oz in Nz). 

Cenirogenic and reflexogenic breathing in (he eupneic range of chemical 

^ The sinuses were relieved of their normal distention by tying one ligature 
around the common carotid artery approximately an inch below the sinus, a second 
around the internal carotid just distal to the sinus and a third around the external 
carotid above and as close to the sinus as possible (Golhvitzer-Meier, 1934) and then 
puncturing the common carotid peripheral to ligature 1. As Winder (1933) and 
Winder, Bernthal and Weeks (1938) point out, most effective anastomoses act to 
preserve a uniform flow of blood through the carotid body on occluding the common 
carotid artery. A concomitant rise in systemic pressure from elimination of the 
sino depressor reflex acting through the circle of Willis would tend to maintain a 
uniform head of pressure in the occipital artery suppljdng the carotid body. In 
that event our results would give a fairly reliable indication of the relation role 
of the chemoceptors during eupnea. 
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stimulation. The capacity of the center and chemoceptor to respond to 
the major respiratory stimuli (i.e., O 2 lack or CO 2 excess) is now ac- 
cepted as fact. (For references see Heymans and Bouckaert, 1939; 
Gesell, 1939; and Schmidt and Comroe, 1940.) The similarity of the re- 
spiratory tracing during CO 2 administration, before and after chemocep- 
tive denervation, leaves no doubt of the capacity of the center to respond 
to chemical changes occurring udthin itself. The smallness or the ab- 
sence of response to O 2 deficiency after chemoceptive denervation shows 
the effectiveness of reflexogenic breathing. Despite the general agree- 
ment on this point considerable discussion still remains regarding the 
relative effectiveness of CO 2 excess and O 2 deficiency at the center and 
chemoceptor respectively. Heymans and his associates (1939) insist on 
the predominating role of the carotid body, for CO 2 as well as O 2 regula- 
tion. This view was supported by the intense hyperpnea which they 
and others produced by a localized hypercapnia in the vascularly isolated 
carotid body. They pointed to the significant observation that this 
hyperpnea persisted despite an undoubted oveiwentilation and an hypo- 
capnic condition of the respiratory center. 

Comroe and Schmidt (1938), Schmidt and Comroe (1940) and Schmidt, 
Dumke and Dripps (1939), hoivever, arrive at opposite results and con- 
clude 1, that the vascularly isolated carotid body exhibits a low reactivity 
to changes of arterial carbon dioxide and oxygen; 2, that denervation of 
the carotid and aortic bodies produces no uniform effect upon alveolar 
carbon dioxide and, therefore, has no important effect upon eupneic 
breathing, and 3, that denervation neither retards nor diminishes the 
respiratory response to carbon dioxide. In their opinion “Carotid body 
reflexes constitute an accessory mechanism, brought into action by emer- 
gencies such as foreign chemicals, anoxemia, and unusually great increases 
in the CO 2 tension of the blood, rather than an essential part of the normal 
respiratory regulating system; the control of breathing under ordinaiy 
conditions is accomplished entirely by the direct effects of chemical 
stimuli (mainly CO 2 ) upon the cells of the center.” The denervation 
experiments of von Euler and Liljestrand (1936) differ in turn from those 
of Schmidt and Comroe. They found an increased alveolar CO 2 pressure 
after denervation during eupnea and interpreted this change as a sign of 
diminished breathing. Bernthal and Weeks (1939) found that breathing 
and vasomotor activity were reduced when the carotid bodies were cooled. 
Bogue and Stella (1935), Samaan and Stella (1935) and von Euler, Lil- 
jestrand and Zotterman (1939) found low CO 2 thresholds for activation 
of the carotid body and Bernthal (1938) found a reaction to small changes 
in carbon dioxide pressures. These results must be interpreted to mean 
that the center and the chemoceptors participate jointly in the control 
of eupncic breathing and that a higher intensity of chemical stimulation 
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is required to diive the respiratory machine when the chemoceptors are 
out of function. Our own orientation experiments already cited indicate 
the .same for at least a portion of the animals. 

The central response to oxygen deficiency is either missing or decidedly 
diminished when tested under anesthesia (see reviews of Heymans and 
Bouckaert, 1939; Gesell, 1939; Schmidt and Comroe, 1940) and, therefore, 
must be of little practical value to the animal. Reflexogenic breathing 
is without doubt the important component under such conditions. Only 
in the absence of anesthesia is central hyperpnea said to approach hy- 
perpnea in the intact animal, (Dautrebande, 1939) a finding denied by 
Bouckaert, Heymans and Samaan (1938). \\Tiile Schmidt and Comroe 
(1938) find a relatively high threshold for anoxemia in the carotid body 
preparations, Bernthal (1938) and von Euler, Liljestrand and Zotterraan 
(1939) find the threshold within the eupneic range of oxygen pressure. 

Our methods under conditions 1, (hypocapnia from overvmntilation) 
jdeld further information on the relative effectiveness of ccntrogenic and 
reflexogenic breathing during eupnea with a .slightly different procedure. 
Dogs were connected with rebreathing tanks containing room air. Re- 
spiratory stimulation was then diminished by artificial overv’entilation of 
the lungs, suflucient to reduce or stop natural breathing after artificial 
ventilation was ended. As soon as standard conditions jdeldmg a de- 
pendably uniform series of apneas or subnormal respiration had been 
established, Hering’s nerves were blocked at the end of every second period 
of artificial ventilation. They were deblocked after natural breathing 
had returned. In the first of the two experiments used to illustrate our 
results, the respiratory tracing is seen to begin in eupnea and was presently 
followed by two minutes of artificial ventilation (see upper record). As 
indicated by the horizontal bar, neivc block began about one minute 
before the end of artificial ventilation and deblocking occurred shortly 
after the end of apnea. Whenever the chemoceptor signals Avere blocked 
in this experiment nearly one minute was required to rebuild a stimulus 
strong enough to interrupt the apnea produced by ovenmntilation. But 
when the centrogenic and reflexogenic components were allowed to com- 
plement each other, breathing started immediately after cessation of 
ventilation. In the second expeiiment, in Avhich overventilation Avas more 
effectwe (see records 2 and 3 of fig. 1) the duration of apnea Avas increased 
threefold AvheneAvr Hering’s ncrv’^cs Avere blocked. This Avas interpreted 
to mean that the threshold stimulus required to reinitiate breathing after 
the production of apnea is lower for the intact respiratory mechanism than 
for the center alone, A\mrking Avithout the aid of the chemoceptor signals. 

It seems most significant that the r61e of the chemoceptors should be so 
strikingly revealed in the duration of apnea Avhen their influence upon the 
depth of eupneic breathing is disproportionately less (see the effects of 
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blocking and deblocking in the lower record). For that reason the shor- 
tening of apnea might readily be interpreted as a different phenomenon 
from that of the tonic stimulation of the center. But if alveolar oxygen 
pressures fell more precipitously than carbon dioxide pressures rose during 
apnea it is probable that breathing was reinitiated at a moment when 
both oxygen and carbon dioxide pressures were below eupneic levels, as 
happened in Haldane’s experiments on man (1922). Oxygen lack, 
thereby, becomes the logical initiator of breathing in our experiments on 





Fig. 1. Prolongation of apnea by withdrawal of reflexogenic support 


the dog as well as in those on man. But in reaching this conclusion it is 
essential to remember that the effects of oxygen and carbon dioxide can- 
not possibly be separated if cH is the common stimulus to both. Lack of 
oxygen which leads to lactic acid formation must of necessity decrease the 
buffer base and increase the effectiveness of the prevailing carbon dioxide 
pressures. Theory, therefore, demands that the subeupneic carbon di- 
oxide pressures at the moment of reinitiation of breathing contribute 
towards the stimulation of oxygen lack. Haldane’s belief that lack of 
oxygen in some way increases the excitability of the center to carbon 
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dioxide agrees with tliis eonoeption. This reasoning implies great re- 
sponsibility of the chcmoce])tors as tonic controllers of oxygen pressures 
within the normal range of physiological stimulation. 

Hypercapnia. The effects of high concentrations of carbon dioxide 
before and after dcafferent ation of the carotid and aortic bodies have al- 
ready been described. The fact that only one comparison is possible upon 
a single animal makes a quantitative analy.sis of the relative importance 
of centrogenic and reflcxogcnic breathing difficult. This disadvantage is 
overcome in our experiments. Dog.s were connected, as usual, with re- 
breathing tanks containing high carbon dioxide mixtures (10 to 15 per 
cent CO 2 in 65 per cent ()» in Xj) and after hyperpnoa had been well 
established liering’s nerves were alternately blocked and deblocked. Tlic 
nerves remained unmolested in blocking position during comparative 
observations which eliminated the possibility of mechanical disturbance. 
Though the continuity of recording permitted a detection of the smallest 
changes in pulmonary ventilation, at no time did we notice a change in 
cither the depth or frequency of the hyperpnoa on nerve block, Subse- 
tiuent tests with low O 2 or cyanide showed that the nerves must have been 
in good condition. Whatever the interpretation of our results may be, 
we see for the moment (hat the findings are not in complete accord with 
a predominant role ascribed to the chcmoccptors in CO 2 control by 
Heymans, On the other hand if 10 or 15 per cent CO; in the inspired air 
can be regarded as an "emergency” they arc in no better agreement 
with the position of Schmidt and Comroe whose schematic representation 
of centrogenic and refloxogenic breathing shows a powerful peripheral 
stimulation at high CO; pressures (1940). 

This lack of reflcxogcnic breathing at high CO; pressures is in accord 
with the general evidence from many groups of experiments mentioned 
above on hypercapnia, before and after denervation. It is puzzling in 
face of the common findings that local carotid body actmty actually does 
increase with increasing CO; pres.sures as is so verj’- clearb'’ indicated 
by the increased breathing produced by localized hypercapnia and by the 
linear relation of frequency of chemoceptive impulses to CO; pressures, 
ranging up to 14 per cent in the in.spired air (von Euler, Liljestrand and 
Zotterman, 1939). Could it be that a generalized hypercapnia abolished 
in some way the central action of the signals which CO; set up in the 
periphery? And if this were true, at what pressures does the reflexogenie 
component fall out? The.se questions were studied by administering a 
65 per cent 0; mixture in X; with the aid of a rebreathing tank and allow- 
ing a rapid accumulation of the expired CO; in a limited volume of gas. 
Hering’s nerves were blocked and deblocked and gaseous samples extracted 
from the tanks at appropriate intervals. Reference to figure 2 reveals 
the type of results obtained. It will be seen at once that breathing was 
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reduced by nerve block at the lower CO 2 pressures (expressed in per 
cent of CO 2 in the inspired O 2 mixtures) but not at the higher pressures 
and that the effect of blocking was no longer noticeable Avhen the CO 2 
in the inspired air had increased to approximately 5 to 6 per cent. We 
have, therefore, arrived at a rather paradoxical conclusion regarding the 
role of the carotid bodies. As physiological controllers of CO 2 pressures 
they are least effective when subjected to powerful stimulation and most 
effective when subjected to weak stimulation. 

An explanation of the vanishing reflexogcnic component was suggested 
by the earlier experiments of Gesell and Moyer (1935) in which hyper- 
capnia was found to reduce or abolish respiratory reflexes, such as retarda- 
tion and acceleration of breathing produced by central stimulation of 
the vagus and saphenous nerves re.spectivcly. Does carbon dioxide also 
abolish the central action of the very signals which it sets up in the 
carotid bodies? We believe it docs. 



Fig. 2. Effects of blocking chomoceptor signals on pulmonary ventilation during 
progressively increasing hypercapnia. 

Though our findings are incompatible with a predominant role ascribed 
to the carotid bodies by Heymans when carbon dioxide pressures are 
high they agree better with his views when the pressures are low. They 
fail, however, to harmonize with the views of Schmidt and Comroe at 
cither high or low carbon dioxide pressures. According to their statement 
and curves (1940) they “actually found” an increasing reflexogcnic com- 
ponent which at high carbon dioxide pre-ssures was greater than the cen- 
trogenic component. So far as we are aware no confirmation of such 
results exists in the literature and our results indicate a progressively 
decreasing reflexogcnic component replaced by an increasing centrogenic 
component as carbon dioxide pressure increases. The curves of Schmidt 
and Comroe were probably compiled from data taken during localized 
carotid body hypercapnia without consideration of the functioning of the 
respiratory mechanism as a whole. 

Oxygen lack. Typical effects of O 2 lack on centrogenic and reflexogcnic 
breathing are shown in the nerve block tests of figure 3 in which a dog 
successively breathed five mixtures of oxygen in nitrogen (40.0 per cent, 
19.7 per cent, 16.6 per cent, 12.5 per cent and 8.6 per cent). The tests 
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b(!gan Avitli a liigh oxygen mixture and .showed the diinini.slied lireathing 
whicli so often oeeuri’ed during Hm-ing nervi^ bloek when tlic arterial 
blood wa.s suppo.sedly saturated with oxygen. Granting an ab.sence of 
ischemia in the carotid bodii's, the cimtrogenic breathing which remained 
and the reflexogenie breathing which was removed by block were prob- 
ably the re.sult of the stimulating action of COj. The effects of oxygen 
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Fig. 3. EfTects of withdrawing reflexogenie support during progressively increas- 
ing hypooxia. 

lack were as readily demonstrated when the oxygen of the inspired air 
was lowered. It will be seen that when the dog was simply switched from 
the 40 per cent O 2 mixture to the 19.7 per cent O 2 mixtur-e, breathing was 
augmented. This in itself is indicative of a sensitive response of the 
I’espiratoiy mechanism to a slight reduction of arterial oxygen pressure for 
hyperventilation of this kind is always associated with a marked drop in 
carbon dioxide pressures. That the respiratoiy stimulation actually 
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occurred in the chemoceptor is seen in the large reduction of breathing 
which occurred when the chemoceptor signals were blocked (compare the 
results of the first and second blocks). Since the centrogenic breathing 
in the second observation was less than in the first, reflexogenic breathing 
must have been increased by the oxygen deficiency. The hyperpnea, 
which prevailed before nerve block, occurred despite a diminished central 
support. 

This diminished central support became more marked as rebreathing 
continued and ox 3 ’’gen want increased. In the experiment under con- 
sideration it reached its limits in the prolonged apnea when the oxygen 
in the inspired air stood at 8.6 per cent. Such diminishing central sup- 
port is a most significant phenomenon in relation to the chemical mecha- 
nism of respiratory control. It is conceivably due to two causes. One 
is the ultimate paralyzing action of oxygen lack. The other is the al- 
kalinizing effects related to increased elimination of CO 2 from increased 
ventilation of the lungs and blood, increased volume flow of blood, and 
increased CO 2 caiiying capacity and pH of the blood. As the alkalmizing 
influence of oxygen deficiency increases, either from an increasing ventila- 
tion or from a long continuance of hyperpnea, centrogenic stimulation 
would decrease in proportion. Therefore, successive Hering nerve blocks 
would be expected to reveal a decreasing magnitude of centrogenic breath- 
ing. This \uew was expressed some years ago (Gesell, Krueger, Nichol- 
son, Brassfield and Pelecovich, 1932) on the basis of direct measurement 
of the amount of CO 2 eliminated and of the increase of the respiratory 
quotient during anoxemia. 

An acid interpretation of the diminishing centrogenic breathing during 
oxygen deficiency is of course tenable only on the assumption that the so 
called central ‘'paralysis" is not an important factor. The sudden in- 
crease of pulmonary ventilation occurring at the moment of deblocking of 
Hering’s nerves indicated a fitness of the centers for they responded im- 
mediately to the burst of signals released from the carotid bodies. The 
sudden and pronounced acceleration of breathing produced by deblocking 
of the vagus nerves (not illustrated) showed a similar fitness of the centers 
to react to proprioceptive signals; We are, therefore, inclined to believe 
that the apneas noted at low oxj’-gen pressures were not paralj’-tic, that the 
hyperpneas were reflexogenic and occurred despite a condition of central 
hypocapnic apnea. In this coimection it is well to recall that hj-^- 
perpnea and central acapnia are not incompatible. As Gesell and Moyer 
(1935) showed, a center made apneic by the injection of Na 2 C 03 is more 
highly responsive to central stimulation of the saphenous nerve. 

But the prolonged apnea (at 8.6 per cent O 2 ) was eventually broken in 
the absence of an 3 '^ known change of peripheral stimuli. Control experi- 
ments showed that the renewed breathing cannot be alternately explained 
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by an accidental incomplei/C block pcrmiUijig conduction of chemoceplive 
signals ai tbe peak of a height cnod carotid body discharge, bccau.se the 
same type of renewed breathing occurred after bilateral distal section 
of the sinus nerves during the ajmea of cold block. Provided 'unknown 
rcflexogenic .stimulation from .source.s other than the carotid and aortic 
bodies can be disregarded, the renewed breathing must be considered 
of centrogenic origin. For the present, the nature of the stimulus reini- 
tiating breathing can only be conjectured by a proce.ss of elimination. 
Had the apnea been caused entirclj’- by a paralyzing action, that action 
would have been expected to increase and to have terminated in death. 
Had the stimulation of breathing been one of direct action of Oa lack, there 
should have been supernormal rather than subnormal centrogenic breath- 
ing when cold block took effect. But if the apnea was due to acapnia, 
time ivas c.ssential for a reaccumulation of acid and a rebuilding of the 
central stimulus. We suggest that this occurred partly as a result of the 
high anaerobic acid metabolism in the brain and partly as an effect of the 
reaccumulating acid in the blood. 

For completeness it must be mentioned that apneas frequently did 
terminate in death without outward signs of respiratory stimulation. It 
is, therefore, reasonable to assume that depression capable of completely 
counteracting .stimulation can and does occur. Signs of such depression 
are \'isible in the falling blood pressure during the last two nerve blocks of 
figure 3. 

Discussion, The summation of centrogenic and rcflexogenic breathing. 
One point seems clear from the experimental findings of other laboratories, 
and those which we have described. Eupneic breathing in anesthetized 
animals is a sum of the two respiratory components — centrogenic breathing 
plus rcflexogenic breathing. But, so far as we are aware, there has been 
no attempt to establish a mechanism by which they are combined. 
Some common denominator must, therefore, be found to account for 
the complementary action between centrogenic and rcflexogenic breathing. 
The inherent forces arising in the neuron proper and those forces arising 
from the impingement of .signals at the .synapse must in some way be 
combined. 

The electrotonic theory of nerve cell discharge and synaptic drive (Gescll, 
1939, 1940) lends itself to such speculation and offers a relatively simple 
schema. (See figs. 4 and 5.) Due to a steep metabolic gradient betw'een 
the dendrites and the axon hillock, e.stimated as 10 to 1, (Holmes, 1932) 
an electrotonic current is conceived to flow wdthin the cell from the den- 
drites to the axon hillock. Because of the high lineal resistance of the 
neuraxon, the current is deflected at the axon hillock where it leaves the 
cell body, to return in the immediate external en\dronment, back to the 
dendrites. On leaving the axon hillock, it is thought to fire this structure 
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at a frequency proportional to the intensity of the electronic current. 
Metabolic physico-chemical fluctuations, such as result from changes in 
O2 and CO 2, are thought in turn to modify the intensity of this current. 
Changing intensity of and changing response to the electrotonic current 
would thus represent our so called “centrogenic component” of respiratory 
control. 

Each of these cells (probably the reticular cells of the medulla) is cov- 
ered with a dense layer of hundreds or thousands of synapses, delivering 
signals from all quarters, including the chemoceptors. Each signal, 
regardless of its origin, is thought to produce a local negativity at its point 
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Figs. 4 and 5. Schema showing a nervous mechanism for the summation of centro- 
genic and reflexogenic breathing. 

of impingement and thereby increase the potential drop of the receiving 
neuron.^ The intensity of the reflexogenic drive (or the reflexogenic * 
component of breathing) is accordingly determined by the sum total of 
signals arriving per unit of time. Complementary action of the centro- 
genic and reflexogenic components thus becomes a simple matter of the 
addition or subtraction of one current to or from the other. The inter- 
action of this dual mechanism of nerve cell activation allows not only a 
change in the sum total of centrogenic and reflexogenic components but 
gross differences in the relative proportions. At one extreme in which 

c- 

* This iiypothetical negativity may conceivably arise from either a specific activa- 
tion or from an increased dendritic metabolism, initiated by a local electrical dis- 
charge or a chemical deposition at the synapse. Both could increase the metabolic 
or potential gradient and thereby the nerve cell discharge. The fact that breathing 
diminished gradually during the course of a continued Hering nerve block (see the 
lower record of fig. 1 and all of the records of fig. 3) suggests that synaptic effects 
long outlast the moment of their initiation. This might be regarded as a new inter- 
pretation of the general phenomenon of “after discharge.” More specifically the 
results suggest that chemoceptor signals help to maintain the respiratory, neurons 
at a higher degree of reactivity. 
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central apnea is produced by excessive pulmonaiy ventilation during oxy- 
gen deficiency, the central neurons would still retain their ability to re 
spend to increasing reflexogenie electrotonic current even though the cen 
trogenic electrotonic current is weakening. And this condition can shift 
to the other extreme of hypercapnia in which centrogcnic breathing con- 
tinues to increase long after reflexogenie breathing is abolished (see fig. 6). 

The existence of two mechani.sms of respiratorj’^ control, one central 
and the other peripheral, carries most interesting implications. Since 
both mechanisms seem to react to the common stimulus of cH, both may 
be expected to participate in the control of CO 2 and O 2 pressures in the 
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Fig. 0. Schema showing the oppositely changing proportions of centrogcnic and 
reflexogenie breathing in progressively increasing hypoo.via and hypercapnia. 

body. Nevertheless hyperpnea, caused either by oxygen scarcity, or 
r carbon dioxide excess, tends to become exclusively reflexogenie or centro- 
genic. In other words, one mechanism gains the upper hand of the other 
and maintains primary control. This paradoxical situation, we believe, 
is explainable with the aid of the reaction theoiy. During O 2 lack the 
chemoceptors by virtue of a disproportionately high reactivity to changes 
in their own acid metabolism (Winder, 1937; Bernthal, 1938; Bernthal 
and Weeks, 1939; Winder, Bernthal and Weeks, 1938; von Euler, Lil- 
jestrand and Zotterman, 1939) gain the advantage and give increasing 
predominance to reflexogenie breathing as scarcity of oxygen grows. As 
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a result of increasing ventilation and of the other alkalinizing influences, 
centrogenic breathing is diminished. We have attempted to indicate 
these trends of centrogenic and reflexogenic breathing under theoretically 
ideal conditions in figure 6 in which so called central paralysis is missing. 
Both types of breathing are plotted on the ordinates against oxygen 
percentage of the inspired air on the abscissas. The solid black area 
ECD represents the centrogenic component, rapidly diminishing as a 
result of increasing hypocapnia, and the cross hatched area ABFD'DC, 
the more rapidly increasing reflexogenic component, possibly potentiated 
by synaptic alkalinization. The stippled area DFD' indicates diminu- 
tion of the subliminal centrogenic component. 

According to this conception the chemoceptors are not fully protected 
against increasing acidity by the increased ventilation which they set up. 
They alone withstand increased acidity and thus guard the more delicate 
central nervous system. This will explain why it was unreasonable to 
expect an increased amount of lactic acid in the circulating blood of an 
individual exposed to low O2 pressures. The amount of lactic acid con- 
tributed to the circulating blood by approximately one millionth of the 
body could not possibly be detected. 

The diametrically opposite changes in centrogenic and reflexogenic 
breathing during progressive hypercapnia must have some deep rooted 
significance (see two lower schema of fig. 6 ).' GJ represents the volume of 
eupneic breathing of which KJ is the centrogenic fraction produced by the 
stimulating action of CO 2 and KG the reflexogenic fraction. In agreement 
with the linear relation of the discharge frequency of the carotid body to 
the prevailing CO2 pressures (von Euler, Liljestrand and Zotterman) we 
may assume an hypothetical reflexogenic breathing increasing along the 
gradient MN of the lower graph. The area MNOP would accordingly 
represent the theoretical increase of reflexogenic breathing with increasing 
hypercapnia. The actual amount of reflexogenic breathing, however, is 
represented by area MQP or GHK above. It is, therefore, proposed that 
most of the reflexogenic component PQNO is obliterated by a central 
action of CO2, possibly by a blocking action at the synapse. As this 
obliteration progi’esses, direct central stimulation replaces that lost from 
the chemoceptors. Whether KI (centrogenic increase) runs more steeply 
than MN (reflexogenic increase) has not been determined. These graphs 
are of course schematic. However, one cannot avoid the question at this 
point, why teleologically the center takes complete control against CO 2 
excesses when the chemoceptors take complete responsibility during oxy- 
gen deficiencies. The evolutionary forces which were responsible for 
this unique arrangement can only be . conjectured. The brain is well 
known to require a uniformly abundant supply of oxygen while on the 
other hand it tolerates high pressures of CO2 with relative impunity. 
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Outlying protection against the development of central ox3’'gcn deficiency 
is, therefore,! usefuh On the other hand the weakening of respiratory 
reflexes by a general hypercapnia may have been the issue forcing the 
evolution of a centrogenic mechanism of control against CO2 excesses. 
A flood of carbon dioxide liberated in combat might otherwise have put 
an end to pulmonaiy ventilation when it was needed most. 

SUM-AIAnV AND CONCLUSIONS 

Repeated withdrawal of known chemo-reflex support to the re.spiratorj' 
center (bilateral reversible cold blocking of Hcring’s ncn'c after double 
vagotomy and permanent sinus collapse in chloralosed dog.s) during 
various re.spiratory states yielded data and conclusions as follows. 

During eupncic breathing of atmospheric air or O2 rich air, chemo- 
ceptive nerve block usually reduced the volume of pulmonary' ventilation. 
The reduction was smaller vTith an O2 rich mixture than with a mixture 
containing but .slightly less O2 than room air. Reasons were presented 
for concluding that both CO2 and O2 pressures prevailing during eupnea 
are sources of reflexogenic respiratory support. 

Apnea produced by overventilation with room air was markedly pro- 
longed by chcmoceptive nerve block. This effect was much greater than 
the reduction of breathing by chemoceptive block during eupnea. It was 
concluded that the chemoceptors exert an important tonic stimulation of 
breathing and that they are particularly responsive to oxygen lack oc- 
curring at the end of apnea. 

Repeated withdrawal of reflexogenic support during progressive hyper- 
capnia caused a diminishing absolute reduction in breathing which disap- 
peared at 5 to 6 per cent CO2 in the inspired air. It Avas concluded that 
hyperpnea of high grade hypercapnia is purely centrogenic. 

The peculiar absence of reflexogenic stimulation could not be explained 
by central paralysis, for pulmonary ventilation continued to increase with 
increa.sing CO2 well above the 6 per cent level. 

In view of the linear relation of chemoceptor discharge to CO2 pre.ssure, 
and of the progressively increasing centrogenic activity in these experi- 
ments, it is concluded that increasing CO2 exerts an increasing central 
blocking action on the signals ivhich it sets up in the chemoceptors. 

Conversely, diminishing pressures aiu thought to diminish 'the central 
blocking action of CO2 and, thereby, potentiate the signals aiising in the 
chemoceptors. This relationship vill explain the stimulating action of 
low CO2 pressures obtaining during eupnea, and at the end of experimental 
apneas. 

Repeated chemoceptive nerve, blocks during progressively increasing 
hypooxic hyperpnea produced progressively increasing reduction of 
breathing, vigorous breathing being finally converted to apnea. It is 
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concluded that hyperpnea of high grade O2 deficiency is purely reflexo- 
genic. 

In view of the abrupt resumption of hyperpnea on chemoceptive de- 
block and of the suddenly increased frequency of breathing on vagal de- 
block, it is concluded that central depression or paralysis was but a minor 
factor in the reduction of the centrogenic component and that progressive 
hypocapnea and alkalinization from several causes was a major factor in 
the diminishing centrogenic component. It is further proposed that the 
progi’essively increasing hypocapnia leads to a progi-essively increasing 
potentiation of the reflexogenic signals thereby assuring an increasing 
dominance of the reflexogenic component. 

Prolonged apneas resulting from maintained withdrawal of chemocep- 
tive support duiing hypoQxic hyperpnea, frequently gave way to renewed 
breathing. This was attiibuted to reaccumulation "within the center 
of acid derived from its own acid metabolism and to increasing acidemia. 

Granting that a localized acidity of the chemoceptors is the stimulating 
influence producing a general alkalinization of the body during hj^ooxia, 
the basic physiological chemical control of breathing (acid excess and O2 
deficiency) is again broadly interpretable in terms of the reaction theory. 
Not only is the actmty of the center and of the chemoceptors e.xplained 
but the changing relations of centrogenic and reflexogenic breathing during 
varjdng intensities of hypercapnia and o.xygen deficiency are accounted 
for as well. 
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Many contradictory reports (1) concerning the effects of epinephrine 
on nitrogen metabolism have appeared; the most general finding is an 
increased nitrogen output foUondng epinephrine administration. That 
this increase may be this result of increased deaminization is suggested 
by the findings of Luck and Morse (2) and Davis and Van Winkle (3), 
who report an hypoaminoacidemia after epinephrine administration in 
rabbits. It was desired, before studying the action of other agents which 
might themselves stimulate epinephrine secretion, to test this latter finding 
in the dog. 

Because there have recently been a number of papers suggesting a 
relationship between the actions of potassium salts and epinephrine, most 
of them based on the circulatory effects of these two agents, we felt that 
a study of their possible similarity of action on the blood amino acid 
nitrogen level might afford an interesting biochemical check. On the one 
hand stands the contention of Camp and Higgins (6) that potassium is 
responsible for the effects of epinephiine, and that epinephrine functions 
only to regulate the distribution of potassium. The experimental basis 
of this contention, a similarity in the effects of the two agents on the cir- 
culatory system and smooth muscle, is confiimed by Mathison, McGuigan 
and Higgins (7) but denied by Hug (8). That epinephrine, in common 
with many other. agents, does raise the serum potassium level by rapid 
mobilization of potassium from the lever is amply demonstrated (9), 
although the evidence offered by Larson and Brewer that the increase 
in ai’terial pressure caused by epinephrine is not dependent on a rise in 
the blood potassium level weakens considerably the postulate of Camp and 
Higgins. 

On the other hand there is the statement of Hazard (10), supported by 
Katz and Katz (11) and by Hug (12), that potassium causes a secretion 
of epinephrine, which is in turn responsible for the obseiwed effects of 
potassium. The reports of Brovm and Feldberg (13) and of Feldberg and 
Guimarais (14) that potassium liberates acetylcholine from pre-ganglionic 
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fibers and is itself a direct stimulant to post-ganglionic fibers are com- 
patible with this view, as are the findings of Hazard (10) and of Silvette 
and Britton (15) that potassium produces an hyperglycemia. The latter 
finding is opposed by Kylin (16), who reports a marked hypoglycemia after 
potassium as well as a weakening of the pressor action of epinephrine 
after potassium. 

If either of these contentions is to .stand in tiie face of biochemical 
evidence, it is necessary to discover whether the actions of epinephrine 
and potassium salts on the blood amino acid nitrogen level are .similar. 

Expeuimental. We attempted to investigate this by the use of healthy 
adult male mongrel dogs, weighing between ten and tAventy kilograms, 
which were trained to lie quietly while blood .samples of two and one-half 
cubic centimeters each were withdrawn from the .saphenous vein, usually 
at hourly inteiwals during the experimental period. The dogs were fasted 
forty-five to forty-eight hours prior to the beginning of the experiment, 
and in general dogs were used in rotation so that each dog Avas employed 
only once a week. Determinations of amino acid nitrogen were made 
by the method of Danielson (17), modified only by the replacement of 
tbe colorimeter by a photelometer (Central Scientific Company) with a 
suitable filter (Cenco, no. 1, blue). 

Fasting unanesihelized dogs. A series of fasting controls was run under 
the same experimental conditions as the other series in order to rule out 
the effects of fasting, hemorrhage (as reported by Bischoff and Long (20) 
and by Luck and Morse (2) as a cause of hypoaminoacidemia), and all 
manipulations inA’'olved in the experimental procedure, especially those 
Avhich might cause apprehension and .subsequent epinephrine secretion 
on the part of the dog. 

Five experiments on four dogs constitute the series. A slight fall in 
amino acid IcAml (0.7 ± 0.2 mgm. per cent) was noted, the significance 
of Avhich Avhen tested by the use of Fisher’s ‘T” and probability tables 
(18) proved to be so small as not to appear on the tables. 

PenUjharhiial. A series of anesthetized control animals seemed desirable 
for tAvo reasons : first, that an anesthetic AAmuld be necessary later during 
the administration of the highly irritant potassium; and second, that as 
many of the reports upon AA’hich contradictory conclusions are based men- 
tion the use of an anesthetic but do not rule out the possible action of the 
anesthetic, such a study might shed some light on the cause of dis- 
agreement. 

Pentobarbital sodium Avas administered intraAmnously (in a dose of 27 
mgm. per kgm. body Aveight) immediately after the pre-injection sample 
Avas AAuthdraAvn. Nine experiments Avere nm, using five different dogs. 
The mean of the maximmn falls in amino acid concentration after pento- 
barbital AA^as 1.7 ± 0.3 mgm. per cent; Avhen this is compared AAnth the 
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corresponding value in the cont.rol series, the probability that such a 
difference could occur solely through errors of random sampling is about 
five in 100 (P = 0.0544) ; one can thus say with fair assurance that pento- 
barbital has caused a significant!}’- greater lowering of the blood amino 
acid nitrogen than sampling or fasting alone. 

Epinephrine. In the first epinephrine series, that on unanesthetized 
dogs and consisting of six expeiiments on five dogs, epinephrine hydro- 
chloride was administered subcutaneously immediately after the pre- 
injection blood sample had been withdraAvn, The dose used, 0.1 mgm. 
per kgm., alwaj’-s produced overt signs of epinephrine activity in the dogs. 
Wlien the mean lowest post-epinephrine value is compared with the pre- 
injection mean, a lowering of 2.9 mgm. per cent is revealed, with a prob- 
ability that this lowering is due to chance of less than two in 100 
(P = 0.0194). ^^^len the mean of the maximum falls produced by epi- 
nephrine (2.9 ± 0.8 mgm. jier cent) is compared with the corre.sponding 
value in the control series, we find again the chances that such a difference 
could occur by random sampling errors are only three in 100 (P = 0.0296). 
It is clear that epinephrine produces a marked lowering of the blood amino 
acid nitrogen level in unanesthetized dogs, a lowering significantly greater 
than that observed in the control series. This finding confirms the reports 
of previous workers and extends them to a different species, the dog. 

In the second epinephrine series, introduced to afford a direct check 
on the possible mutual interaction of epinephrine and pentobarbital and 
to provide a more logical basis for comparison ivith the potassium studies, 
pentobarbital sodium, 27 mgm. per kgm. body weight, was administered 
intravenously to four dogs immediately after the pre-injection sample; 
a post-pentobarbital sample was drawn one hour later, and epinephrine hy- 
drochloride, 0.1 mgm. per kgm. body weight, administered subcutaneouslj'- 
immediately after this sample. Again a slight lowering of the amnio acid 
nitrogen level was observed. Comparison of the mean of the maximum 
falls in this series (1.8 ± 0.4 mgm. per cent) vdth like values in the three 
preceding series reveals that while this fall is significantly greater than 
that seen in the fasting control animals (P = 0.0442), it does not differ 
at all from that produced by pentobarbital alone (P = 0.6560), and is 
less in degree, though not significantly so, than that produced by epi- 
nephrine alone (P = 0.2554). It is interesting to compare this finding 
with that of Hrubetz and Blackberg (19) who report that pentobarbital 
impairs also the response of the blood sugar to epinephrine. 

Polassiuni chloride. Here, as in the epinephrine group above, pento- 
barbital sodium, 27 mgm. per kgm., was administered intravenously 
immediately after the pre-injection sample. Post-pentobarbital samples 
were drawn hourly and potassium chloride 1.1 per cent (isotonic) was 
then run into the vein at such a rate that the animal received 1.5 mgm. 
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KCl per kgm. per minuie for one hour, or ii total of 90 mgm. per kgm.; 
sample.s were drawn when possible during the jiotassium infusion, immedi- 
ately after cessation, and at hourly intciwals thereafter. The series con- 
sisted of six experiments on four dogs. 

A vei-y .slight fall in amino acid nitrogen was noted, the mean value 
at the end of the potassium infusion being 1 mgm. per cent lower and that 
one hour after the infusion 1.4 mgm. per cent lower than the mean pre- 
injection value; in both cases the probability that such a difference might 
be equalled or exceeded through errors of random sampling is as high as 
one in four. When the average maximum drop (1.4 ± 0.4 mgm. per 
cent) is compared vdth that in the control series, the probability of such 
a difference as a result of random sampling errors is almost one in five. 
Potassium chloride did not, in the doses used and under the conditions 
of our experiments, cause a significant lowering of the blood amino acid 
nitrogen level of fasting anesthetized dogs. 


TABLE 1 
Summary of results 



MEAN EOWEIUNO 

OP AMTNO ACID 
CONCENTR.mON 

vzn crNT or 
mriNJEcnoN 

“P” vALin: 
•vxnsTjs 
cokthol 

. 

Fasting control 

mgm. percent 

0.7 ±0.2 

9 


Pentobarbital 

1.7 ±0.3 

21 


Epinephrine 

2.9 ±0.8 

34 


Epinephrine-pentobarbital 

1 .8 ±0.4 

24 


Potassium chloride-pentobarbital 

1.4 ±0.4 

17 


Insulin 

2.5 ±0.3 

30 

■IfiSiliH 


Because we felt that the failure of potassium in our experiments to cause 
a lowering of the blood amino acid nitrogen concentration might be the 
result simply of a sub-threshold dose, one acute experiment was run in 
which potassium chloride was injected to the point of cardiac arrest; no 
further change was noted in amino acid nitrogen concentration. We have 
thus failed to find biochemical evidence, using as our criterion the behavior 
of the blood amino acid level, that potassium is responsible for the effects 
of epinephrine or, on the other hand, that it causes marked epinephrine 
secretion, since we have shown that even a dose large enough to produce 
cardiac arrest does not significantly lower the concentration of blood amino 
acid nitrogen. Admittedly, some qualification of this statement is neces- 
saiy, since the response to epinephrine was likewise impaired by pento- 
barbital. A final answer to the problem could be given if it were possible 
to administer potassium chloride to the unanesthetized animal, for in 
comparable experiments Avith epinephrine the results were unequivocal, — 
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substantial fall in the amino acid nitrogen content of the blood was ob- 
tained invariably. 

Iiisulm. In the course of further studies, not here reported, it seemed 
ad\dsable to confirm previous reports (3, 4, 5) that insulin also produces 
a lowering in the concentration of amino acid nitrogen in the blood. The 
animals in this group, four in number, received insulin, 0.5 unit per kgm. 
body weight, immediately after the dravdng of the pre-injection blood 
sample. The mean lowest post-insulin values were 2.5 mgm. per cent 
below the mean pre-injection values, and the statistical significance of 
this fall is unquestionable (P = 0.0316). If the mean of the maximum 
falls in this series (2,5 ± 0.3 mgm. per cent) be compared with that of the 
fasting controls, there remains no question that insulin produces a sig- 
nificantly greater lowering than fasting and sampling alone (P = 0.0008). 

The results are summarized in table 1. 

SUMMARY 

1. The effects of epinephrine, pentobarbital sodium, potassium chloride, 
and insulin on the fasting blood amino acid nitrogen level of dogs have 
been studied. 

2. It has been shown that both epinephrine and msulin produce a marked 
hypoaminoacidemia in unanesthetized fasting dogs. 

3. Pentobarbital sodium, in anesthetic doses, has been shown to cause 
a significant though not a marked fall in blood amino acid nitrogen con- 
centration. 

4. However, when epinephrine was administered to dogs anesthetized 
with pentobarbital sodium, the resultant fall in blood amino acid nitrogen 
concentration was no greater than that produced by pentobarbital alone. 

5. The intravenous infusion of potassium chloride, 1.5 mgm. per kgm. 
per minute for one hour, in dogs anesthetized with pentobarbital sodium, 
produced no significant effect on the level of blood amino acid nitrogen. 

We are much indebted to Drs. F. L. Reichert and M. Mathes for their 
kind assistance in adrenodemedullation of one of the experimental animals. 
The results of this and of related experiments will be reported separately. 
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This paper proposes to explore the possibility of distinguishing “active” 
from “passive” components, of separating arterial from venous reactions, 
in photoelectric plethysmograms of the human skin. Such distinctions 
appear possible through studies of the changes in blood content, in the 
volume pulse and in blood flow (calculated in arbitrary units) when these 
changes are recorded vdth photoelectric plethysmographs in the manner 
described below. 

The possibility that these objectives might be served was suggested by 
several considerations. The excellent correlation found by Burton (1) 
between the amplitude of the mechanically recorded volume pulse and 
the blood flow in 'the finger indicated the desirability of studying more 
carefully the volume pulse in various skin areas in relation to the plethys- 
mogram of the same area. Also, the use of the volume pulse as a measure 
of the abundance of the arterial blood supply in various skin areas (2) 
implied that it might serve as an indicator of arterial reactions in skin 
areas which can be profitably explored with the photoelectric plethysmo- 
graph. Variations in the amplitude of the volume pulse have received 
some attention as qualitative criteria of arterial reactions (1), (3), (5), 
but a more systematic exploration of this point seemed desirable from the 
viewpoint of the analysis of the vascular mechanisms involved in specific 
plethysmograms. 

If the arterial reactions could be separated out from the plethysmogram 
with sufficient clarity, it seemed theoretically possible, under suitable 
circumstances, also to distinguish simultaneously the effects of arterial 
inflow, venous congestion and even of venous tone in the plethysmogram. 
The observations reported here show considerable pronoise in this direction. 

Methods. The experiments described below employ the photoelectric 

^ This investigation has been made with the assistance of a grant to A. B. H. from 
the Committee on Therapeutic Research, Council on Pharmacy and Chemistry, 
American Medical Association, 
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pletlij^smographs previousl}' reported (2). When these arc used in con- 
nection with resistance coupled amplifiers (4), the resulting records show 
the changes in blood volume and also in volume pulse amplitude. Care- 
ful inspection of the latter is most tedious. It is more practicable to 
record the volume pulses separately on a constant base line by employ- 
ing a capacit 3 '-couplcd amplifier. This ])crmits higher amplification of 
the volume i)ulso and a corresponding^' more legible record of it. This 
technique is equivalent to placing a leak sufficiently large in a mechani- 
cal plethysmograph to prevent changes in base line but not so large as to 
prevent adequate recording of the oscillations due to the pulse. 

A convenient circuit for this purpose is shown in figure 1. Records 
taken with this amplifier and compared with those taken simultaneously 



Fig. 1. Amplifier for recording the photoelectrically detected volume pulse on a 
constant base line. P, C.: photoelectric cell in plethysmograph. Tubes: 6C6, 
6SJ7 and 1852. 


from the same skin area vdth the resistance coupled amplifier (4), ac- 
curately show the amplitude of the volume pulse undistorted b}’^ changes 
in the position of the base line, when condensers of 2 mfd are used (fig. 2). 
Substituting condensers of 4 mfd pi’o^ddes for accurate recording of the 
wave form of the volume pulse but introduces minor variations in the base 
line which are of no importance in studying the wave form of the volume 
pulse, but which do interfere with following the variations in the ampli- 
tude of the wave. It should be noted that attempts to quantitate the 
volume pulse so recoi'ded in terms of arbitrary but reproducible units (2) 
were not successful. Tioie, calibration of the amplifier with standard 
input voltages is simple but irrelevant for the problem of the blood equiva- 
lent of the photoelectrically recorded volume pulse. Attempts to use the 
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“filter" technique for calibrating the volume pulse (2) ran into difficulties 
due to the discharge characteristics of the condensers and so were aban- 
doned. This amplifier is not suitable for measuring the arterial blood 
supply of the sldn. 

One will observe that during constriction (fig. 2) the amplitude of the 
volume pulse decreases, the base of the recorded wai'c shifts upwards while 
the crest of the wave falls. This apparent shift in the base line is due to 
the fact that the pulse wave produces an oscillation either side of the mean 
which is the base line. When constriction occurs, the amplitude of the 
oscillation decreases in both directions toward the mean which lies 
nearer the base of the wave than its crest. As a result, the volume pulse 
so recorded mimics graphically the variations in artery diameter. This is 
extremelj’- useful to the rapid inspection of arterial reactions. 

Distinction of the arterial component in the plethysmogram. Simultaneous 
registration of the finger pad volume and of the finger pad volume pulse 


UKf. 

Fig. 2 Fig. 3 

Fig. 2. Finger pad plethj'smogram (upper record), finger pad volume pulse. 
Respiration, time; 5 seconds. Spontaneous waves. 

Fig. 3. Finger pad volume pulse. Respiration (re-traced). Time: 5 seconds. 
Normal subject. Inflation of arm-cufif at first signal, deflation at second signal. 

as two separate records usually shows an excellent qualitative correlation 
when spontaneous ivaves (fig. 2), and the vasomotor responses to psychic 
stimuli, loud noises, a deep breath, and the cold pressor test are observed. 
The changes in volume are, in such responses, generallj’' proportional to 
the changes in the amplitude of the volume pulse and they would there- 
fore seem to be the result of altered flow due to the reactions of the con- 
trolling arteries. Hence, it is usually sufficient, and in practice more 
convenient, when desiring information only on the arterial reactions, to 
record the volume pulse alone. 

An interesting application of this technique for separating out the ar- 
terial component in the plethysmogram is supplied in the case of a medical 
student who had developed a psychosis with respect to his own blood 
pressure. Every attempt to determine brachial arterial blood pressure 
on him with the cuff method elicited marked S3’^mpathetic excitement: 
increased heart rate, rise in blood pressure, sweating (particularlj'^ on the 
hands). Repeated phj^sical examination of him for the purpose of com- 
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missioning in llio mcclifal reserves corps served to emj)Iiasize to him the 
fact that he was liyi)ertensive. Since the. normal subject, rcsiwnds with 
arterial constriction in the finger to infiating the arm cufT on the opposite 
arm (fig. 3), it. seemed of interest to compare this man’s reaction (fig. 4) 
with that of the normal subject. The negligible constriction in his fingers at 
the height of the reaction when his blood prc.s.sure reading was 160/80, con- 
trasts strikingly with that occurring in the normal subject, suggesting that 
his hypertension was due to the cardiac acceleration. The contours of 
his arterial and digital pulse waves did not demonstrate arterial di.scase. 
We therefore felt that arterial di.sea.se was not the rea.sou for the hyper- 
temsion observed eveay lime his blood pre.^^sure was measured. It is in- 
teresting that such disturl)ing symi)athctic excitement, may be present 
without much influence on the digital arteries since ordinarily they are 
cxquisitch" sensitive indicators of vasomotor icfiexes and arc probably 
the first ones to resj)ond. The understandable reluctance of this subject 
to present himself for vascular studies which cause liim real mental trauma 



Fig. 4. Finger p.'id volume pulse. Respiration (re-traced). Time; 5 seconds. 
Subject has psj'chosis with respect to his blood pressure. .Vpplication of cuff to 
opposite arm at first signal, inflation at second, deflation at third signal. B. V-- 
160/80. 

has prevented further exifioration of his case. It is tlierefore recorded 
here in its present unsatisfactory status. 

There is usually a slight delay in the changes in volume with respect 
to the volume pulse (fig. 2). One gains the impression that this is re- 
lated to the venous capacity of the pad and that the length of this delay 
is ]3roportional to the A'onous capacity. The increase in transparency 
of the pad on pressing the blood out of the pad and preventing fui'ther 
inflow with a Gartner capsule, varies considerably with different normal 
individuals. So also the decrease in transparency due to increased blood 
content of the pad on blocking the venous outflow shows marked differ- 
ences in various normal subjects. The results with both of these proce- 
dures seem to correlate with the lag between the changes in volume pulse 
and volume. The difficulties inherent in securing quantitatively compa- 
rable measurements of the skin blood content with the photoelectric 
plethysmograph (2) have made further quantitative comparisons in this 
direction seem inadvisable at pre.sent. 
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The changes in volume -with small spontaneous waves are relativelj" less 
than the changes in volume pulse at high rates of flow. This is reasonable 
since engorgement of the venous plexus by high flow would tend to main- 
tain the volume constant despite oscillations in arterial tone which would 
exert their primary effect on the volume pulse. 

Distinction of flow components in the plethysmogram. Although the 
blood flow through the finger is determined ordinarilj'^ by the finger arteiy 
tone, variation in the finger blood flow maj’- result, independentlj' of 
arterial tone, from changes in blood pressure and heart action. If arteiy 
tone is unchanged, the amplitude of the volume pulse would remain con- 
stant, while the blood content of the venous plexus would increase with 
an increased inflow due to increased heart rate. An occasional response 
in the flinger pad to inhalation of amyl nitrite illustrates this relation 
(fig. 5). Finger pad volume increases for 35 seconds before greater am- 
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Fig. 5. Finger pad volume pulse (upper record), finger pad plethysmogram (lower 
record). Time; 5 seconds. Respiration (re-traced). Bl. F. ; Plot of product, 
volume pulse X heart rate, in arbitrary units. Amjd nitrite at vertical signal. 

Fig. 6. Plethysmograms of neighboring finger pads. Gartner capsule on proximal 
phalanx of finger giving lower plethysmogram. Pressures in capsule; 60, 50, 40, 
30 mm. Hg in that order. 


plitude of the volume pulse indicates onset of arterial relaxation. The 
rise in finger volume during this period tends to parallel the plot of the 
product of the heart rate and volume pulse amplitude, although there 
may be other components in this reaction as will lie pointed out below. 
The maximum in the finger volume is reached when the value of this 
product is greatest. The value of the product, heart rate x volume pulse 
amplitude, seems to be a numerical expression in arbitrary units of the 
arterial flow. Although the validity of this relation awaits direct experi- 
mental verification with blood floAV methods, the assumption of its cor- 
rectness makes intelligible certain plethysmographic data such as are 
illustrated in figure 5. 

It should be pointed out that failure in the correlation between changes 
in the volume pulse, in volume, and in flow, is observed only infrequently 
in the finger pad where variations in arterial tone appear to dominate 
blood flow and blood content. It is only under exceptional circumstances. 
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as illustrated in figure 5, that variations in flow may occur here inde- 
pendent of constancy in arterial tone with corresjionding effects on vol- 
ume. However, in the case of head .skin where changes in arterial tone 
seem to be exceptional, the correlation between volume pulse, volume and 
flow is poor, duo apparently to the operation of certain factors on the ve- 
nous side of the circulation here. 

DislincHon of venous components in the plethysmogram . The very great 
physical difficulties involved in recording changes in venous tone have 
made us watch with especial care for any indication of varying venous tone 
in our plethysmograms. Theoretically, an increase in the blood content 
of the observed vascular bed independent of changes in arterial tone and 
in arterial inflow, or of mechanical factors on the venous side of the circu- 



Fig. 7. Forehead pletliysmogram and forehead volume pulse (lower record). 
Time: 5 seconds. Respiration (retraced). Bl. F.: Plot of product, volume pulse X 
heart rate, in arbitrary units. Ten minutes between first and second sections. 
Seven minutes between second and third sections. .\myl nitrite between signals. 

lation, might be taken as evidence of dilatation of capillaries or veins or 
both. 

The operation of mechanical factors such as obstruction to venous 
return and changes in intra-thoracic pressure, is usually evident in the 
plethysmogram and requires no illustration. It is interesting to note, 
however, that the blood content of the head skin varies much more read- 
ily with the intra-thoracic pressure than does that of the finger. Respira- 
torj^ waves are more marked in the forehead pleth.ysmogram. Effects 
on the venous drainage from swallowing, coughing, or a deep breath, are 
very obvious in the forehead, ear, and nose, although usuall}' absent in 
the finger pad. The ease with which the venous blood content of head 
skin is altei’ed is a complication in the studj’^ of arterial reactions in this 
area since the changes in volume maj*^ or may not be related to variations 
in arterial tone. We have been unable to decide whether these obvious 
differences in the behaviour of the venous drainages of the finger and 
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head skin are due to differences in the pressure in and extent and capacity 
of the venous plexus or to differences in venous tone. Engorgement of the 
small veins of the finger pad by obstructing venous outflow from the finger 
with a Gartner capsule requires surprisingly high pressures. Values as 
high as 30 to 40 mm. Hg in the capsule are required in normal subjects 
to produce a detectable increase in blood content of the pad (fig. 6). This 
poses the interesting suggestion that these capsule pressures ma 3 '’ measure 
the venous tone in the pad. 

Moi'c direct indication of changes in venous or capillar^' tone is occa- 
sionalh' offered in the exceptional reactions to am 3 d nitrite inhalation 
(fig. 7). In this instance, arterial dilatation as indicated b 3 " the volume 
pulse occurred at the same time as the volume increased. The maxima 
are reached veiw nearly simultaneoush’^ in both curves, but recoveiy 
is strildngl 3 ’- different in the two curves. The volume pulse returned to 
the pre-administrational level in ninet 3 '' seconds, but the volume required 
nineteen minutes for return. The plot of the product, volume pulse x 
heart rate, shows that this delay was not due sirapl 3 ’^ to increased flow but 
argues for a tem]ioraiy loss of tone on the venous side of the circulation 
here, thus accounting for the congestioir. A similar loss in venous tone 
ma 3 ' also have been a factor in the interpretation of figure 5, but the 
parallelism between flow and volume is too close here to recognize a venous 
component in the reaction. 

Discussion. The interpretation of these experiments is based on two 
relations for which the evidence is good but still incomplete ; 

1. The ampliiude of the volume pulse is a direct measure of arterial tone. 
This relation seems to hold under normal circumstances (1), (2). It is a 
common experience in pleth 3 ^smography that the volume pulse diminishes 
with arterial constriction as judged by direct inspection of the blood- 
vessels, by measurement of blood flow, and by such indirect criteria as 
temperature measurements. The accuracy of the relation is disturbed 
b 3 ’' changes in the position of the limb (6) but this source of error is not 
involved in the experiments reported here. 

2. The product, amplitude of volume pulse z heart rate, is proportional to 
blood flow. This relation holds with considerable precision when the 
heart rate is constant, for then the product is directly proportional to the 
volume pulse which in turn shows good correlation with flow (1). The 
volume of the part then also correlates well with the amplitude of the 
volume pulse (fig. 2). The change in volume also correlates well vdth the 
product when both heart rate and volume pulse change and when there 
is no good reason to suspect venous congestion or change in venous tone. 
However, experiments are required for establishing the validity of this 
relation by direct measurement of blood flow. At present, the argument 
must rest on indirect evidence. 
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It follows from these two relations that the volume changes shown on 
the plcthysmogram may bo interpreted in terms of the individual contribu- 
tions made by changes in arterial tone (under special circumstances). 
Thus, a plcthysmogram showing increased volume and also increased 
volume pulse indicates arterial dilatation a.s a main factor in the increased 
flow and volume (fig. 2). If the calculated increase in flow parallels 
closelj’^ the increased amplitude of the volume pulse, arterial dilatation is 
the main component in altering the plcthysmogram (fig. 2). If the cal- 
culated increase in flow parallels the product, volume pulse x heart rate, 
the volume pulse amplitude remaining constant, the increased flow is 
probably "passive'' and does not involve arterial dilatation (fig. 5). 
Again, an increase in volume continuing after arterial dilatation and flow 
have returned to resting levels (fig. 7) may be due to venous congestion 
resulting from obstructed venous return or to lo.ss of venous tone (fig. 7), 
Where there is no reason to assume obstruction to the venous return, one 
may infer a decrease in venous tone (fig. 7). 

It is appreciated that gross changes in the dynamics of the heart beat 
will modify the validity of these theoretical considerations. It is appre- 
ciated that changes in the stroke of the heart may and do alter the am- 
plitude of the volume pulse in a peripheral vascular bed such as the finger 
pad. But the effects of these factois are often recognizable. The cau- 
tious application of these considerations in photoelectric plethysmography 
in circumstances which probably do not influence heart action sufficiently 
to affect seriously the validity of these plcthysmographic criteria, leads to 
useful information in the study of the circulation in the human skin. 

SUaiMABY 

Tiiis paper studies the possibility of distinguishing “active” from “pas- 
sive” components, of separating arterial from venous reactions in photo- 
electric plethysmograms of the human skin. 

A technique is described for recording the volume pulse separate from 
the plethysmogram, with a photoelectric plethysmograph and capacity 
coupled amplifier. 

The arterial component in the plethysmogram is distinguished by the 
amplitude of the volume pulse (figs. 2, 3, 4). 

The flow component is indicated by the product, amplitude of the vol- 
ume pulse X heart rate (figs. 5, 7). The value of this product appears to 
parallel flow. 

The analysis of the volume changes recorded in the plethysmogram in- 
volves evaluating the arterial and flow components by these criteria and 
so by a process of exclusion, differentiating when possible the contribution 
of the venous component (fig. 7). 

Measurement of the venous pressure in the finger pad by obstructing 
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the return with a Gartner capsule indicates a surprisingly high venous 
pressure in the pad and also a high venous tone there (fig. 6). 

Evidence is presented wliich seems to show that moderately'’ heavy doses 
of amyl nitrite produce prolonged loss of venous tone (fig. 7). 
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In recent years much attention has been paid by many investigators to 
the part played by the nervous system in controlling the circulation under 
various conditions. As a consequence of this work discoveries have been 
made which are not only of physiological interest but which also shed light 
on a number of imperfectly understood clinical states. Outstanding within 
this field of research has been the work on the carotid sinus. 

Hering (1) was the first to present real proof of the physiological acti^ity 
of the carotid sinus. Hering (2) and later Koch (3) considered the sinus 
nerves as exercising solel}^ a tonic inhibitoiy influence on the circulation. 
Thej^ believed the afferent discharge in the sinus nerves to be dependent 
on an adequate degree of distension of the sinus by the blood pressure. 
They regarded the rise of blood pressure and acceleration of heart rate on 
carotid occlusion as due to a decrease or abolition of sinus inhibitor}’’ action 
following the fall of endosinal pressure below the threshold value; they 
supposed that afferent impulses cease to pass up to the bulbar centers, 
which consequently overact. In support of this view is the fact that 
section of the sinus nerves or cocainization of the sinuses produces similar 
pressor effects. 

Wright (4) does not believe it yet possible to exclude conclusively the 
existence in the walls of the sinuses of jjressor fibere which are stimulated 
by the fall of pressure. Heymans and Bouckart (5) have found in per- 
fusion experiments that when the pressure in the sinus of the dog was 
raised from 0 to 50 mm. of Hg, instead of getting no response as Koch (6) 
claims, the}’’ obtained a reflex rise in blood pressure. Wright (4) has foimd 
the same in the cat. McDowall (7) showed that after a hemorrhage, sec- 
tion of the vagi may produce a further fall of blood pressure, owing to the 
removal of the compensatory afferent pressor influence of these neiwes. 
Stimulation of the centi’al end of cut vagi causes an increase in the blood 
pressure, in some cases, which is indicative of the presence of pressor fibers. 
Using a technique similar to that< 3 mployed by McDowall (7) I have studied 
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the carotid sinuses of dogs in an effort to determine the presence or absence 
of, pressor activity in this structure. 

Method. Large healthy dogs were used in this study. They were 
anesthetized with chloralose (60 to 85 mgm. per kgm. intravenously). 
Direct blood pressure from the femoral artery and respiration by the pneu- 
mographic method were recorded on the kymograph. The carotid sinuses 
were carefully dissected free and their activity determined. The results 
presented here are from only those animals (16 in number) which showed 
definite circulatory and respiratory reflex response to carotid occlusion and 
sinus massage. The vagi were severed to remove any compensatory 


TABLE 1 


DOG 

] 

■WEIGHT 1 

1 

BEQIN- 
KING B.P. 

1 

PER CENT 
OF TOTAL 
BLOOD 
VOL. 

REMOVED 

REMOVAL 

miE 

FINAL 

B.P. 

1 

1 

EFFECT OP DENERVATION ON B.P. 


kgni. 

mm. Hg 


Tnm. 

mm. Hg 

mm. 

Hg 

1 

17 


43 

70 

45 

Rose gradually 

15 

2 

20 

120 

50 

65 

45 

Rose in next 5 min 

55 

3 

24 

130 

25 ! 

55 

50 

Rose gradually 

20 

4 

18 

145 

40 1 

55 

45 

Rose 

15 

5 

20 

130 

31 1 

80 

60 

Rose in next 5 min 

45 

6 

15 

170 

50 

60 

60 

No change 


7 

26 

160 

35 

80 

55 

No change 


8 

23 

115 

39 

90 

45 

Rose in next 5 min 

25 

9 

22 

130 

30 

65 

50 

Rose in next 10 min 

25 

10 

18 ! 

■ 

55 

90 

55 

No change 


11 

26 

BiEH 

35 

100 

55 

1 Rose in next 5 min 

30 

12 

20 

no 

35 

60 

55 

No change 


13 

18 

140 

60 

80 

60 

Rose gradually 

30 

14 

12 

150 

50 

70 

60 

Rose in next few min 

40 

15 

18 

145 

40 

t 50 

70 

No change 


16 

25 

115 

30 

90 

70 

No change 


Av. 

20 

133 

40 

72 

55 

30 


activity by this route. The animals were bled slowly over periods varying 
from 50 to 100 minutes, from the other femoral artery. The bleeding was 
sufficient to lower the blood pressure to a sustained low level, previously 
selected, within the range of 45 to 70 mm. of Hg. It was felt that a 
pressure within this range would be sufficient stimulus to arouse pressor 
activity, if present. After maldng certain that the blood ipressure was 
constant at the desired level the isolated carotid sinuses were rapidly 
denervated by mechanical stripping and painting with phenol. The latter 
was subsequently washed off with warm saline. All changes in blood 
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pressure, jjulse rate or respiration in the next several minutes were read 
from the kymograph record. 

Results. In (cn of the .sixteen animals there was a gradual rise of 
blood pressure vaiying from 15 to 55 with a mean of 30 mm. of Hg during 
the next few minutes following denervation. The rise in pressure in all 
cases was slow and gradual rather than abrupt. Six animals showed no 
change in l)lood pressure dining a similar period and in no case was there 
a drop in blood pre.ssure. 

There were no appreciable changes in either respiration or pulse rate 
referable to the denervation. 

Discussion. An increase in blood pressure, from a .sustained low level, 
following denervation of the carotid sinuses indicates that functioning 
afferent depressor fibers were disrupted by this operation. This is con- 
trarj’’ to Koch’s (6) work for the dog, who found no depressor actmty 
present in the sinus below about 60 mm. of Hg; neither does it substantiate 
the work of Heymans and Bouckart (5) who found pressor actiidty in the 
carotid sinus below 50 mm. of Hg for the dog, nor Wright’s findings (4) of 
a similar nature for the cat. That compensatory measures could have been 
responsible for the rise in blood pressure in ten of the sixteen experiments 
does not seem probable, for the low pressures were maintained for 10 to 
15 minutes previous to the denenmtion. Though the rise in pressure in 
those cases in which it rose was gradual, it was complete within one to five 
minutes in all but animal 9. 

It is not surprising that there was no appreciable effect on pulse rate 
attributable to the denerv'ation since the vagi were cut and Koch (3) has 
shown that the sinus reflex has relativelj'^ little effect on this factor as 
compared to the aortic reflex. 

Respiration varied, as expected, to carotid occlusion, sinus massage and 
vagus section. At the low’ pressure most animals displayed a gasping type 
of respiration w^hich in most cases w’as relieved at about 70 nun. of Hg in 
those animals whose blood pressure increased subsequent to sinus denen’^a- 
tion. The change w^as not correlated wdth the denervation, but rather 
wdth .systemic blood pressure, indicating that the gasping type of respira- 
tion was relieved by central effect rather than peripheral. 

SUMMARY 

Low^ering of the blood pressure in dogs anesthetized wdth chloralose to 
sustained low’^ levels varjdng from 45 to 70 mm. of Hg does not arouse anj'' 
pressor activitj’’ in the carotid sinuses, which if present would be demon- 
strable bj’’ a fall in pressure w'hen these ai’eas were denervated. A gradual 
rise in pressure in 10 of the 16 experiments indicates the presence of depres- 
sor activity at the time of denervation. In the other 6 there was no change 
in blood pressure. 
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Intrinsic differences in sympathetically inneiTated effectors were sug- 
gested by Elliott (1) to explain the excitatoiy effects of adrenalin on 
smooth muscle in certain organs and inhibitory effects on smooth muscle 
in other organs. With the demonstration of the adrenalin-like nature of 
the adrenergic mediator (2) the concept of differences in receptive mecha- 
nisms has been used to explain the effects of the mediator. The necessity 
for postulating two or more receptive mechanisms is evident, but the 
fundamental nature of these mechanisms is still unknown. 

We have suggested that a possible difference in the reception of adrenalin 
by adrenergically innervated effector cells could be explained by assuming 
that certain groups of the adrenalin molecule are necessary for the effective 
union of adrenalin with the receptive mechanism in one type of effector, 
while one or more different groups unite "svith the receptive mechanism 
in another type of effector (3). It appears that this possibility may be 
tested by making quantitative comparisons of smgle-effector responses 
to adrenalin and to other phenylethylamine derivatives lacking one or 
another of the characteristic groups of the adrenalin molecule. Such a 
study has been completed with the denervated intestine in the unanesthe- 
tized dog (3). The following is a quantitative study of these compounds 
as accelerators of the denervated heart under experimental conditions 
identical to those used in the study of the intestine. 

Methods. At first dogs were prepared with denervated hearts by 
performing the series of three operations described by McIntyre (4). 
The right sympathetic trunk was removed from the stellate through the 
fifth thoracic ganglion, and the right vagus was cut below the recurrent 
laryngeal nerve. The corresponding part of the left sympathetic trunk 
was removed in a second operation. Follovnng complete recovery from 
these two operations the left vagus was cut in the neck. After it Avas 
discovered that neosynephrin would produce a marked rise in blood pres- 
sure at an injection rate considerably below threshold for accelerating 

^ Aided by a grant from the John and Mary R. Markle Foundation. 
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the rate of the denervated heart, this compound ivas used to test for the 
presence of cardio-inhibitory fibers. When cardiac slowing could be 
produced by neosjmephrin in dogs ha\dng had the above three operations 
the presence of cardio-inhibitory fibers in the right vagus could be demon- 
strated by direct stimulation of the peripheral end of the cut nerve. The 
latter animals of the series were bilaterally vagotomized in the neck fol- 
lowing recover3'' from bilateral sympathectomy in the thorax. These 
animals all experienced difficulty in swallowing and were regularly given 
glucose and saline intravenously. Recoi'ds were obtained within one to 
three weeks after the vagotomy. None of the animals showed cardiac 
slowing during neosynephrhi injection after sympathectomy and bilateral 
vagotomy in the neck. Four of the dogs had their adrenals demedullated 
by cautery previous to the cardiac denervation. 

TABLE 1 

Relative potency of adrenalin and simpler phcnylethylamine derivatives as accelerators 

of the denervated dog heart 

The reciprocal of each number in the table indicates tlie potency of the corre- 
sponding compound relative to adrenalin 
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Electrocardiographic records were taken from the denervated hearts 
under “near-basal” conditions during intravenous injection of the com- 
pounds from an electrically driven syrmge. Details of the method have 
been described in a previous paper (3). Tlie series of compounds used 
and the formula of each is shown in table 1. For each compound the 
lowest constant injection rate capable of causing a greater than five per 
cent acceleration of the denervated heart ndthin less than 60 seconds was 
determined. Also each dog was given a series of adrenalin injections at 
rates from barely threshold to several times the threshold accelerator 
dose, with correspondingly greater acceleration, and these results were 
used as a scale for judging the accelerator potency of the other compounds 
injected at rates two to four times the threshold accelerator rate. The 
results below are obtained from analysis of 99 records from eight dogs. 

Results. Minimal accelerator injection rate of adrenalin for denervated 
hearts of Twrmal and adrenal demedullated dogs. The minimal injection 
rate capable of causing more than 5 per cent acceleration of the denervated 
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heart in less than 60 seconds ranged from 0.00020 to 0.00057 mgin. per 
kilo per minute. Wada and Kanowoka (5) reported that injection of 
adrenalin at rates from 0.00020 to 0.00030 mgm. per kilo per minute 
was the minimum effective dose for accelerating the rate of the denervated 
heart and for increasing the blood pressure of non-anesthctized and non- 
fastened dogs having their adrenal glands demedullated. Dragstedt (6) 
has reported 0.00020 as the minimal pressor dose of adrenalin for uii- 
anesthetized dogs. The sensitivity of the denervated Thiry fistula as 
an indicator for adrenalin in normal dogs is emphasized by these figures, 
since the denervated intestine is significantly inhibited by injection rates 
from 0.00010 to 0.00020 mgm. per kilo per minute. 

TABLE 2 

Acceleration of the denervated heart by adrenalin and simpler phenylethylaminc 

derivatives 


Dog 4, weight, 10 kilo, adrenal glands demedullated 
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133 

140 


160 
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111 
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154 
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7. Neosynephrin 

1:20,000 

■■ 
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mm 

108 
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n 
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11. Synephrin 

1 
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B 
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The minimal accelerator dose of adrenalin for the denervated heart 
was essentially the same for the animals vdth adrenals demedullated as 
for those vdth adrenals intact. Such a result would be explained if the 
basal output of adrenine from the adrenal glands is negligible, or if the 
denervated heart becomes more sensitive to adrenalin as a result of adrenal 
demedullation. Wada and Kanowoka (5) found that the basal rate of 
the denervated heart of the dog was unchanged by inactivation of the 
adrenal medullae. 

Data from' dog 4 shown in table 2 illustrate tj’pical results obtained 
from continuous injection of adrenalin at low rates. An injection at the 
rate of 0.0004 mgm. per kilo per minute caused acceleration beginmng 
in the third 15 second period. The rate increased steadily until 75 seconds 
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from the begimiing of the injection when it was 14 beats per minute faster 
than normal. With an injection of 0.0008 mgm. per kilo per minute the 
acceleration began within the second 15 second period and increased almost 
linearly for two minutes until the rate was 50 beats per minute faster 
than normal. 

^\Tien veiy low injection rates are sustained for several minutes, it is 
observed that acceleration of the denervated heart begins after a some- 
what longer latent period than when larger doses are used, and the rate 
gradually increases until a level is reached which is maintained during 
an injection of 10 to 20 minutes’ duration. For example, adrenalin was 
injected into dog 8 at a rate of 0.00012 mgm. per kilo per minute for 20 
minutes. The normal rate was 122 beats per minute. During the 4th 15 
second period after the beginning of the injection the rate per minute was 
128; at the end of 3 minutes the rate was 142 and did not fluctuate sig- 
nificantty from this level until the end of the 20 minute period. This 
type of response suggests a building up of the concentration of adrenalin 
in blood for several minutes as the injection is continued and is difficult 
to explain otherwise. However, Rogoff and Marcus (7), using the “caval 
pocket” technique, detected no increase in the adrenalin content of the 
blood of the adrenal vein during continuous intravenous injection of 
adrenalin at rates many times as fast as those used in these experiments. 

The ability of a near-threshold accelerator mjection rate of adrenalin 
to maintain a fast rate of the denervated heart during the continued in- 
jection is to be contrasted with the failure of adrenalin to keep the intestine 
inhibited when injected at rates several times the threshold intestine- 
inhibiting dose (8). The denervated intestine becomes refractory to 
the inhibitoiy effects of adrenalin, while the denervated heart does not 
become refractoiy to the accelerator action of adrenalin. If, therefore, 
the cardiac rate and the intestinal motility be recorded simultaneously, 
an adrenalin injection rate may be used which results in both cardiac 
acceleration and intestinal inhibition at the beginning of the injection, 
while there is onlj'^ cardiac acceleration at the end of the injection. 

Relative potency of adrenalin and simpler phenylethylamine derivatives 
as accelerators of the denervated heart. Each of the four compounds, differ- 
ing from adrenalin by lacking one or another of the three hydroxyl groups 
or the methyl group on the nitrogen atom, was capable of accelerating 
the denervated heart if injected in sufficient quantities. None of the 
compounds produced a slowing of the denervated heart. The difference 
in the potencies of the compounds as accelerators of the denervated heart 
is given in table 1. The extremes are listed for the increase in injection 
rates necessary to produce an acceleration comparable to that produced 
by a given dose of adrenalin. Therefore, the reciprocal of the number 
indicates the potency of the corresponding compound as compared with 
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adrenalin. A Ij’^pical series of analyses used in deteimining relative 
potency of the compounds is shown in table 2. 

The results for the dencrvated heart resemble those for the denervated 
intestine in that the greatest reduction in potency in each case is obtained 
by removal of the m — OH group of the adrenalin molecule, and the least 
reduction in potency results from removal of the — CHa group. In fact, 
since dl-arterenol (non-methylatcd adrenalin) was used in these studies, 
it can not be stated whether 1-arterenol would be slightly more potent 
or slightly less potent than 1-adrenalin. Removal of any one of the 
— OH groups of the adrenalin molecule results in a compound having 
much lower cardio-accelerator potency than adrenalin. 

Since the results are concerned with compounds each lacking only 
one of the four groups which distinguish adrenalin from phenylethj'lamine, 
the question arises whether it may be concluded that all phenylethylaminc 
derivatives simpler than adrenalin will be less potent. Such a generaliza- 
tion is not possible with regard to the pressor potency of phenylethylamine 
derivatives (9), but the pressor response is the result of the activity of 
various types of effectors and compensatory mechanisms. The generaliza- 
tion could not be e.xpected to apply to anything but single-effector re- 
sponses. Bacq’s studies using the nictitating membrane (10) (11) indicate 
that tyramine, which lacks three of the groups investigated in this study, 
is less potent than any one of the three compounds lacking onbv one of 
these groups, and phenyletlndaminc is less potent than tyramine. 

The minimal pressor injection rate for adrenalin in un anesthetized 
dogs is approximately the same as the minimal cardio-accelerator injection 
rate (see above). Removal of the para — OH group of the adrenalin 
molecule lowers the presSor potenej’^ to ? that of adrenalin but lowei'S the 
cardiac-accelerating potency to -^r, to sV that of adrenalin. Therefore, 
neosynephrin may be injected at a rate producing a pressor response withT 
out accelerating the denervated heart. Since adrenergic denervation in 
other tissues sensitizes them to neosjmephrin (3), the innervated heart 
ma}’^ be expected to be even less sensitive than the denervated heart to 
the direct accelerator action of neosynephrin. The only effect of neo- 
synephrin on the rate of the innervated heart, with the low dosages, is 
reflex slowing as a result of the increase in blood pressure. I^flien denerva- 
tion of the heart was incomplete neosjmephrin caused cardiac slowing, 
but in the completely denervated hearts no effect on rate was obtained. 
High dosages caused onlj'- acceleration of the denervated heart. Orth 
et al. (12) observed that neosynephrin w^as the only one of their series of 
s3Tnpathomimetic amines that did not markedly accelerate the sino- 
auricular rate under c3’^clopropane anesthesia. Also, neosynephrin was 
least apt to produce cardiac irregularities. When comparable pressor 
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dosages were used all of the compounds except neosjmephrin increased 
the sino-auricular rate under ether anesthesia. The effects of this com- 
pound illustrate the fact that a general comparison may not always be 
made between the potenej' of adrenalin and other phenylethjdamine 
derivatives. The comparison must be made with regard to a single type 
of effector. As judged b}" changes in potency in single effectors, removal 
of a single group of the adrenalin molecule may interfere to a greater 
degree vith the reception of the compound in one ti’^pe of effector than 
in another. 


SUMMARY 

The poteney of adrenalin, arterenol, neosjmephrin, epinine, and 
synephrin as accelerators of the denervated heart has been determined 
in nonnal and in adrenal demedullated unanesthetized dogs. Each of 
the latter four compounds differs from adrenalin by lacking one of the four 
groups that distinguish adrenalin from phenjdethylamine. 

The responses of the denervated hearts of the dogs with adrenals intact 
were indistinguishable from the responses of the adrenal demedullated 
dogs. This result with ver}^ low injection rates of adrenalin would be 
explained by a low resting output of adrenine from the adrenal medulla 
or, less likety, by a heightened sensitivit3'' of the denervated heart to 
adrenalin after adrenal demedullation. 

Development of refractoriness to the effects of a continuous injection 
of adrenalin and related compounds does not follow the same course in 
the sino-auricular node that it does in intestinal smooth muscle. Although 
the minimal effective doses are similar for the two indicators, continuous 
injection of adrenahn at low rates produces temporary intestinal inhibition 
and sustained cardiac acceleration. 

Each of the compounds accelerates the denervated heart when given in 
concentration having any effect on the heart rate, and the degree of ac- 
celeration increases as the threshold accelerator dose is doubled or quad- 
rupled. Removal of the— CH3 group of the adrenalin molecule does not 
significantly affect the cardio-accclerator potency, but removal of any 
one of the three— OH groups results in a compound to istAtt as potent 
as adrenalin. The most important of the four groups with regard to 
cardio-accelerator potencj'’ is the meta — OH group. 

Removal of the para— OH group reduces the cardio-accelerator potency 
more than the reduction in pressor potency. Neosynephrin, given at a 
rate that will not alter the rate of the denervated heart, produces a rise 
in blood pressure. Neosynephrin, injected at this rate, serves as a test 
for cardiac denervation, since reflex slovdng of the heart will occur if any 
cardiac nerves are present. 
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This is the fifth and last of a series which has described the hyperglycemia 
(Griffith, Lockwood and Emery, 1939a), lactacidemia (ibid., b), oxygen 
consumption (Griffith, Emery and Lockwood, 1940a) and pulmonary 
ventilation (ibid., b) of chloralose-anesthetized cats during and following 
intravenous administration of adrenalin for 5-minute periods at carefulty 
controlled rates from minimally effective to maximally tolerated. 

The matter of final interest in connection with the metabolic effect of 
adrenalin is the mechanism of its calorigenic action. Attempted explana- 
tion of this has leaned hea\nly on the respiratory quotient and has con- 
sequently varied with the finding and interpretation relating to it, these 
having been about as various as its investigators (Erichson, 1936). The 
data to be presented here will show that dosage may be a predominant 
factor in this diversity; and when taken into proper consideration there 
is no evidence that adrenalin has an invariably specific effect on the respira- 
tory quotient. Rather, the latter seems to reflect more closely than any- 
thing else the minute volume of pulmonary ventilation (1940b) and pre- 
sumably, therefore, like it, is only unspecifically the resultant at any 
moment of at least blood pressure, metabolic rate and lactic acid acidosis. 

PnocEDUHB. These experiments being the same as those previously 
described, details of procedure need not be repeated. Suffice to say, 
respiratory exchange of these chloralose-anesthetized cats was detennined 
by collection (for appro.ximately 5-minute interwals) and anal.ysis of 
expired air. 

Usually (57 of the 84 experiments) two determinations of the “normal” 
resting respiratory exchange, 15 to 20 minutes apart, preceded injection. 
This, following immediately the second of these normals, or the single one 
when only one was made, was always for exactly 5 minutes and was ac- 
companied by a collection of the expired air approximately coincident wth 
it, thus affording information of the average, immediate effect for the 5- 
minute injection period. Two additional determinations Avere made during 
the subsequent half-hour recovery: one 5 to 10 and the other 25 to 30 
minutes from the end of injection. 
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Parke-Davis adrenalin chloride was diluted with neutral, isotonic NaCl 
solution for injection (femoral vein) of I cc. per minute for 5 minutes so 
as to effect rates of administration in milligrams per kilo body weight 
per minute (number of experiments in parentheses) of: 0.00025 (10), 
0.00050 (9), 0.00100 (9), 0.00200 (14), 0.00400 (13), 0.00700 (10), 
0.01000 (9). 

Control injections of isotonic, neutral NaCl (10 experimentss) were 
similar in amount, rate and duration. 

Results. Normal Values. Intra-individual stability. Averages of the 
two normals, 15-20 minutes apart, preceding injection are: carbon dioxide 
output, 4.65 and 4.63 cc. per kilo per minute; respiratorj^ quotient, 0.735 
and 0.741. Thus, as confirmed also b}’' the other functions measured in 
this work, the physiological condition of these animals at the time of in- 
jection Avas one of satisfactorj' stability. 

Inter-individual variability. Carbon dioxide output, cubic centimeters 
per kilo per minute, varied in the 84 exiieriments from 2.7 to 7.7; mean, 
4.81; standard deviation, 1.05; coefficient of variation, 21.9. This is not 
unlike the variability of the closelj’’ related oxygen consumption (Griffith, 
Emerj’’ and Lockwood, 1940a) and w'ould seem, like it, not adventitious 
but an expression of the intrinsic metabolic variabilit}" of these animals; 
since correlation: vith oxygen consumption is nearl}’- one (r = 4-0.948 
±0.014); with pulmonary' ventilation (r = -f 0.781 ±0.027), is of the same 
order of magnitude as the latter with o.xygen consumption (r = -{-0.729 
±0.038); and with respiratoiy quotient (r = -{-0.532 ±0.055) is only 
as much greater than that of the latter and oxj^gen consumption 
(r = 4-0.230 ±0.070) as might normally be expected. 

The average values for the various injection groups, cubic centimeters 
per Icilo per minute (with rate of injection in parentheses) are: 5.4 (NaCI); 
5.5 (0.00025); 4.6 (0.00050); 4.1 (0.00100); 4.0 (0.00200); 4.5 (0.00400); 
6.1 (0.00700); 4.8 (0.01000). Injection at the lowest rate was ineffective 
(sec below) ; and although the result following 0.007 nigm. per Idlo per 
minute is slightlj’’ irregular it is not sufficienth’’ so to affect the conclusions. 
The remaining average normal rates are sufficiently alike to show that 
extremes within each group were adequately balanced and to eliminate 
variable normal rate of putput as a possible determining factor in the 
effect of injection. 

Respiratory quotient varied from 0.64 to 0.86; mean, 0.745; standard 
deviation, 0.048; coefficient of variation, 6.49. Twelve, or 14 per cent, 
of the determinations were below’^ 0.70. In our experience this is not 
unlike the condition obtaining in normal, unanesthetized cats and is there- 
fore probably not the effect of the anesthesia but characteristic of these 
animals in the post-absorptive condition. However, extremes within the 
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various iniection groups (in pareniheses) were adequately balanced to 
produce very similar average I’-alues: 0.73 (NaCl); 0.75 (0.00025); 0.73 
(0.00050); 0.74 (0.00100); 0.75 (0.00200); 0.75 (0.00400); 0.76 (0.00700); 
0.75 (0.01000); thus eliminating extremes of resting normal values as 
possibty affecting the average results to be described here. 

The Effect of Control Injection of Isotonic NaCl. Averages of the 10 
experiments in which isotonic NaCl was injected in amount equal to that 




Fig 1 Fig. 2 

Fig. 1. The effect upon the carbon dioxide output of chloralose-anesthetized cats 
of 5-minute intravenous injection of isotonic NaCl and of adrenalin administered 
at rates of 0.00025, 0.00050, 0.00100, 0.00200, 0.00400, 0.00700 and 0.01000 mgm. per 
kilo per minute. 

I. The upper set of three curves: continuous line, values in cubic centimeters per 
minute for the 5-minute injection period; dashed line, values for the interval 5 to 10 
minutes after injection; dotted line, values 25 to 30 minutes after injection. 

II. Tot.al summated efltect for the 35-minute experimental period, including the 
5-minute injection and the 30 minutes following. 

Fig. 2. The effect upon respiratory quotient of the injections of isotonic NaCl and 
of adrenalin described in the text and the legend of figure 1 . The various curves have 
the same significance as there described. 

The three curves of part I represent the respiratory quotient in actual values; 
the curve of part II represents the percentage change induced by each rate of 
injection. 

serving as vehicle for the adrenalin in the remaining experiments sliowcd 
percentage values for the 5-minute injection period, and 5 to 10, and 
25 to 30 minutes after, of; carbon dioxide, 99, 99 and 108; respiratoiy 
quotient, 99, 100 and 105. The high terminal result is not typical and is 
due entirely to 2 aberrantly high values which are quite out of keeping 
with the small, evenly distributed plus and minus variations of the re- 
maining 8 experiments. These, together with the equally negative results 
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of the 19 additional (?xp(!rimGnl.K employing tlic two lowest rates of adre- 
nalin injection indicate nothing disturbing evaluation of a possible adre- 
nalin effect, is inhermit in the experimental procedure itself. 

Tliesc control values have been used as the initial points of the cun’cs 
of figures 1 and 2. 

The Effect of Adrenalin Injection. Figures I (carbon dio.xide output) 
and 2 (resjiiraton' quotient) present the results in two ways: i>art I of 
each figure includes three curves depicting the results during (contimiou.s 
line), and 5 to 10 (dashed line), and 25 to 30 (dotted line) minutes after 
injection; the single curve of part II of each figure represents the appro.xi- 
mate total change effected by each rate of injection for the entire 35- 
minute experimental period a.s obtained by summing the products of the 
values for the injection period and for the intervals 5 to 10 and 25 to 30 
minutes after, when multiplied b}' 5, 10 and 20 (minutes), respectively; 
thus giving an a{)j)roximate summation of the area beneath each of the 
individual curves relating the effect of each rate of injection to time. 

Threshold. With both carbon dioxide output (fig. 1) and re.spiratory 
quotient (fig. 2) there is an apparent^’' .significant increase produced during 
the injection period (I, continuous line) by the lowest rate of administra- 
tion, 0.00025 mgm. per kilo per minute. This, however, is not sustained 
at the next higher rate of injection (0.00050 mgm. per Icilo per minute) 
and the total effect for the 35-minute experimental period is in both in- 
stances so nearl3'- nil that no considerable error can result from considering 
the next rate of injection, 0.001 mgm. per kilo per minute, the really 
minimal effective dose. 

This is cxactl}’- similar to the results pre\dously described for both oxygen 
consumption and pulmonaiy ventilation; with both of these, also, the 
results of injection at the two lowest rates were ambiguous, the first un- 
equivocal increase occurring likewise vdth injection at the rate of 0.001 
mgm. per kilo per minute. And, finallj', this was also the threshold rate 
of injection for increase of blood lactic acid, whereas h^ypergb^cemia was 
definitely evident following injection at half this rate (0.00050 mgm. per 
kilo per minute). 

Proportionality between rate of injectio?i and increases of carbon dioxtde 
output and respiratory quotient. Consideration of this relationship will be 
facilitated by taking up .separately the changes effected: 1, during the 
5-minute injection period; 2, 5 to 10 minutes, and 3, 25 to 30 minutes after 
injection; and 4, the total, summated effect for the entire 35-minute ex- 
perimental period. 

1. Change in carbon dioxide output and respiratoiy quotient during the 
5-minute injection (figs. 1 and 2, parts I, continuous line) : it will be seen 
that changes of both are so alike that description of one applies without 
qualification to the other; and, equally significant, both folio w'^ exactly the 
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same course as previously described for pulmonary ventilation (1940b). 
All three are maximally increased during the injection of 0.001 mgm. per 
Idlo per minute; and, vith minor irregularity probably of experimental 
origin and evident equally in each (i.e., of the results produced by 0.004 
and 0.007 mgm. per kilo per minute, one is either slightly too low or the 
other too high) the effect is progressively less at each higher rate 
of injection. 

Oxygen consumption during injection (previous report, 1940a) followed 
a totally different course ; being increased approximately the same amount 
(between 6 and 8 per cent) by all rates of injection during this 5-minute 
injection-period itself. It therefore seems improbable that carbon dioxide 
output during this period of adrenalin action is of significance as a measure 
of the intensity or kind of metabolic process underlying the calorigenic 
effect of adrenalin. 

Blood lactic acid was also affected quite differentlj”^ (previous report, 
1939b), increasing progressively (with minor fluctuations, again of prob- 
ably experimental origin) from threshold to a maximum with the highest 
rate of injection. The exactly reciprocal variation of carbon dioxide 
output can in no way be taken, then, as directly related to the lactic-acid 
acidosis produced by adrenalin. 

In the immediately previous report, also, it was shown that the changes 
of pulmonary ventilation during injection followed neither metabolic 
need as expressed bj’- oxygen intake, nor acidosis as represented by blood 
lactic acid level; but were explainable only as an integrated response to 
these as modified bj’’ the inhibitory effect of a progressivelj'^ increasing 
blood pressure. Since there is no means by which this latter could bear 
immediately upon carbon dioxide production, it must be concluded that 
in the exactly parallel variation of ventilation and carbon dioxide output 
it is the former which is determinative; i.e., carbon dioxide output in this 
phase of adrenalin action (during injection) has no metabolic significance, 
being to an indeterminate extent merely a passive result of varying degrees 
of “auspumpung” superimposed upon a probably steady increase in oxida- 
tive formation plus displacement by a lactic-acid acidosis. 

Obviously (fig. 2) respiratory quotient could be substituted for carbon 
dioxide output in the above without change of meaning or interpretation. 
And since evidence on this point was one of the main objectives of the work 
which has been described in this series of reports it seems justifiable to 
point out that this conclusion, for which there has been some previous 
evidence (Erichson, 1926) appears hitherto never to have received such 
substantial proof as that afforded here. 

Carbon dioxide output and respiratory quotient (2) 5 to 10, and (5) 25 to SO 
minutes after injection (figs. 1 and 2, parts I, dashed and dotted lines, re- 
spectively) : there is no need to consider the effects at these intervals after 
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injection in detail. In general, hypertension witli its reciprocally in- 
liibitory effect is eliminated as a decisive influence on pulmonary ventila- 
tion so that this (previous report) and, therefore, carbon dioxide output 
and respiratoiy quotient must be conditioned during this half-hour re- 
coverj’’ period chiefly by metabolic rate and the lactic-acid acidosis. 

Metabolic rate 5 to 10 and 25 to 30 minutes after injection, as measured 
by oxygen consumption, has been shown (19-lOa) to increase to a maximum 
following adrenalin administration at the rate of 0.004 mgm. per kilo per 
minute and thereafter to decline progressively after injection at the two 
highest rates; carbon dioxide output (fig. 1, dashed and dotted line.s) 
during this period of recovery reflects, qualitatively, these variations of 
metabolic rate up to injection at the rate of 0,007 mgm. per kilo per minute. 
It is not to be supposed, however, that even within these rates of adminis- 
tration it is at these times quantitatively related to metabolic rate; dis- 
placement bj' the progressively increasing lactacidemia must contribute 
to the measured output and following the highest rate of injection becomes 
predominant; output being then increased in spite of the fact that oxygen 
consumption is not even appreciably affected (19-40a). 

Respiratoiy quotient (fig. 2, da.shed and dotted lines) merely reflects 
these complicated relationships in a manner too intricate to justify or 
repay attempted anal 5 '’sis; particularl\', its rapid elevation during this 
phase of recovery when injection has exceeded 0.004 mgm. per kilo per 
minute can have no metabolic significance. 

4. Total, summated changes of carbon dioxide output and respiratory quo- 
tient for the entire 35-minv.te experimental period (figs. 1 and 2, parts II) : it is 
possible that employment of sufficiently long experimental periods would 
permit compensation for the disturbances of carbon dioxide output and 
respiratorj’’ quotient that have been shown above to be characteristic of 
short-period determinations. This evidence indicates, however, that 
such compensation is not effected within half an hour after injection. 
Comparison of these cuiwes with those previously given for blood lactic 
acid (1939b), oxygen consumption (1940a), and pulmonary ventilation 
(1940b) only emphasizes the conclusion alreadj’^ reached; that carbon 
dioxide output and, therefore, respiratorj’^ quotient following administra- 
tion of adrenalin are merely unanalyzably complex resultants of the inter- 
action of these three determinants; or, rather, follow more closely than 
any other the variations of pulmonary ventilation; Avhich, in turn, is de- 
termined by the other two. 

Comment. A study of the result of injecting adrenalin at any one of 
the effective rates emplo 3 md in this work would reveal increased blood 
sugar and lactic acid concentrations, increased ox 3 ’'gen consumption, 
carbon dioxide output and respiratory quotient, and increased pulmonaiy 
ventilation; and the attempt to establish causal relationships between 
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any or all of these would have to depend on the degree of synchronism 
of the various changes. This has received considerable attention (for 
literature and pei^tinent data see Erichson, 1926) but for reasons not far 
to seek has been inconclusive. Thus as shorni in this work, after injecting 
0.004 mgm. per kilo per minute there is increase of all these variables 
during the 5-minute injection; this increase, for all except respiratoiy 
quotient continues at least into the 5-10 minute inteiwal following and 
then all show parallel rate of decline toward normal. Following am’' 
other rate of injection, however, these relationships and correlations will 
be quite different so that conclusions based on such e^ddence will necessarily 
vary from one set of data to another depending on the effective concen- 
tration of adrenalin which is established by the method of administration 
emplo3’'ed. It was a suspicion of this which suggested that in so far as 
changes of anj’^ of these were of common or dissimilar origin the most 
cnicial proof thereof would be their degree of alteration in response to 
varjdng concentrations of adrenalin, i.e., their proportionality to dose 
or stimulus. 

It is this effect which has been described in this series of reports of which 
this is the last. These have shown that on this basis there is no exact cor- 
respondence between the calorigenic effect as measured by oxygen con- 
sumption and anj’’ of these vaiiables. Perhaps this is not surprising in so 
far as changes of blood sugar and lactic acid are concerned; although if all 
three, as seems commonly supposed, are effects of uncomplicated direct 
cellular action it would not have been too surprising to find some similarity 
in their vai'iation in response to a common stimulus. Unexpectedly, 
what little resemblance there is unites calorigenic response with mobiliza- 
tion of blood sugar rather than of lactic acid. 

On the other hand it was hardly to be expected that calorigenic action, 
as measured bj’’ oxygen consumption, would show quite such complete 
independence of carbon dioxide output and respiratoiy quotient. These 
results more than substantiate such intimations of this as previous!}’' 
obtained and once for all render untenable any attempt to explain quali- 
tatively the effect of adrenalin on metabolism from short-period measure- 
ments of the respirato^^ exchange. 

SUMMARY 

Data are presented describing carbon dioxide output and respiratory 
quotient during, and 5 to 10, and 25 to 30 minutes after, intravenous ad- 
ministration of adrenalin for 5 minutes at rates of 0.00025, 0.00050, 0.00100, 
0.00200, 0.00400, 0.00700 and 0.01000 mgm. per kilo per minute. 

For the 5-minute injection period, maximum increase of both occurs 
vith 0.001 mgm. per kilo per minute, which appears, also, the minimal 
effective dose. With each of the four higher injection rates, the increase 
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during this period of injection is progrc.ssively le.ss. Such, also, was the 
effect on pulmonary ventilation, described in the previous report of this 
series (1940b) ; and thus is provided perhaps the most probable explanation 
of the results described here. 

After injection, carbon dioxide output and respiratory quotient also seem 
most adquatcly explained b}* pulmonar}' ventilation, .so, again, reference 
may bo made to the description of it (1940b) for explanation. 

Most important!}*, neither carbon dioxide output nor respiratoiy 
quotient vaiy in proportion to dosage w'ith anj* similarity to oxygen con- 
sumption and would therefore seem very unreliable indices of the qualita- 
tive metabolism underlying the calorigonic action of adrenalin. 
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In previous communications from this Laboratory (Rosenblueth and 
Morison, 1937; Rosenblueth and Luco, 1939) emphasis has been placed 
upon the complex sequence of variations of neuromuscular transmission 
when a motor nerve is stimulated at adequate rates. Three successive 
stages of transmission — indicated by initial high muscular tension, then 
low and thereafter again high tension — ^^vere recognized early during 
repetitive activation. These stages were followed by a further period of 
depression (the >^th stage, fatigue) and by a later recovery (5th stage). 

An occasional earh' stage of depre.ssion, different in its time course from 
the ^nd stage, was mentioned by Rosenblueth and Luco (1939). The 
pre.sent studj^ deals with this additional stage, the conditions for its regular 
appearance, its properties and its mechanism of production. At high- 
frequency stimulation this stage is later than the ^nd. Indeed, it appears 
to take place during the course of the Srd stage (fig. 2). In order not to 
modify seriously the original nomenclature of the several stages the new 
phase Avill be spoken of as stage 3h, The complete sequence of events 
includes, therefore, the stages 1, 2, 8a, 3h, 3c, 4 ^iKd 5; the three successive 
periods of depression, during which transmission fails to occur at many 
of the junctions, are 2, 3h and 4 - 

^Method. The muscle studied was mainly the soleus of the cat. Oc- 
casionally the gastrocnemius or quadriceps was observed, with onlj^ slight 
quantitative differences in the results. The cats were anesthetized with 
dial (Ciba, 0.75 cc. per kgm. intrapeiitoneally). The tendon of the 
muscle was freed and attached to a tension myograph. The muscles 
pulled against strong rubber bands. Upward excursions in the records 
denote contraction. The leg was fixed by drills inserted into the tibia 
or femur. 

Stimulating shielded silver-wire electrodes were placed on the motor 
nerve, cut centrallj". The stimuli wei’e condenser discharges through a 
thjTatron, controlled in rate bj^ a frequency-beat oscillator. The inten- 
sity was maximal. The time constant of the discharges was approximatcl.y 
0.2 msec. 
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Tlio nerve action j^olcntials were recorded sometimes from a pair of 
electrodes placed on an intact region of the nerve, ])eripheral to the stimu- 
lating electrodes. In some experiments the electric responses of the 
crushed peroneal nerve Avere led monophasicalh* from the region near the 
head of fibula, the stimulating electrodes being, as usual, high in the 
thigh. The action potential.s of the muscles were recorded dipha.sicalty 
from two silver or i)latinum needles inserted into the tendon and into 
muscle fibers, resiiectively. Capacity-coupled amplifiers and a cathode-ray 
oscillograph Avere used for the records. 

Atropine and ]n‘Ostigmin (Roche) AA'erc injected intraA'enously. Acetyl- 
choline and KCl solutions Avere injected into the central end of the tied : 
inferior mesenteric artery; this insured a prompt deliA'ery to the recording 
muscle.s and pennitted the use of smaller amounts of the substance.s than 
necessary for intravenous injections. 

Results. A. The slage 3b. The existence of a secondary stage of 
depressioir and the clear' terrrpor'al separatiorr of this stage from the initial 
similarly depressed stage 3 Averc readily demonstrated by the two following 
experimental procedures. Irr some animals records Avere taken of. the 
responses to a scries of periods of repetitiA'c stirrnrlation AAith pr-ogressively 
higher or progrcssiA’ely lower' fr'equencie.s. Figirre 3 illustrates a tA'pical 
instance. The popliteal nerve Avas stinrulated for 15 sec. at the frequencies 
indicated, rest periods of 2 min. bcirrg allowed betAA'cen .succe.ssiA‘e stimula- 
tions. The existence of Iaa'o separate stages of depressiorr is clearl}' seen 
in the rc.sponses to 400 and 500 per sec. As aatII be shoAA-n later (fig. 4), the 
fall of tension AA'hich takes jrlace at 200 and 300 per sec. is not due tofatigire, 
for if the stimulus is prolonged the tension rises AA-ithin a feAV seconds or 
minutes. 

The tAvo depressions, 2 and 3h, become eAmn more prominent Avherr a high 
frequency is applied repeatedly for short ]reriods (10 to 15 sec.) AAith 
intervening similar short periods of re.st. Figure 2 shoAA’s a typical record. 
It is apparent that the response to the first jjeriod of stimulation contained 
exclusively stages 1, 2 and 3 (noAV designated Sa). As the stimuli AA'cre 
repeated 2 became briefer and the bottom of its trough rose while Sh 
started earlier and lasted jn-ogressiAmly less time. 

Repetition of stimuli leads to fatigue. The records in figure 2 maA' be 
explained on this basis. As fatigue progresses both 2 and Sh become briefer, 
hence the increasing prematurity of their appearance; hence, also, the 
greater prominence of Sa and Sc (see p. 214). That repetition of stimuli 
Avithin brief periods has also a faA’-orable effect on the appearance of both 
2 and Sh is shoAA-n in figure 3. The experiment illustrated therein in- 
Amh’ed a combination of the tAvo procedures reported aboA’e. The stimuli 
Avere repeated at regular short intenmls and their frequencj' Avas fimt 
increased and then decreased. A comparison of the responses to 300 and 
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200 per sec. at the beginning and the end of the series (A and B, J and L- 
respectively) shows that the repeated stimulation has favored the oc- 
currence of 2 and 3b with relativelj’- low frequencies. It maj" be inferred 
that the post-tetanic condition of the muscles is conducive to the appear- 
ance of the early depressions. 

That the fall of tension which takes place early during stimulation at 
frequencies of 200 and 300 per sec. is not due to the development of 



Fig. 1. Appearance of stage 3b and later of stage 2 as the frequency of stimulation 
is increased. Records from soleus. The popliteal nerve was stimulated for 15 sec. 
every 2 min. Frequencies of stimulation: A, 100; B, 200; C, 300; D, 400; and E, 500 
per sec., respectively. Time signal: 5-sec. intervals. 

Fig. 2. Effects of repetition of the stimuli upon the stages 2 and 3b. Soleus. 
Frequency of indirect stimulation: 500 per sec. The record is continuous, the 
stimuli being applied repeatedly for 10 sec., with rest periods of 10 sec. 



ABCDrrOHIJKL 



Fig. 3. Post-tetanic influence on the occurrence of 2 and 3b. Soleus. Continuous 
record. Stimuli applied for 15 sec. with rest periods of 10 sec. Frequencies: A, 200; 
B, 300; C, 400; D, 500; E, 600; F, 500; G, 450; H, 400; I, 350; J, 300; K, 250; and L, 200 
per sec. 

the 4th stage, but to the beginning of stage 3h, is shown by the subsequent 
vise which occurs if the stimuli be prolonged over a period of 1 to 5 min. 
(fig. 4). With .slower frequencies (e.g., 60 per sec.) the 4fh stage does 
follow the 1st with no intervening 2 or S (Rosenblueth and Luco, 1939). 

The occurrence of the several stages of neuromuscular transmission with 
different frequencies of stimulation may be summarized as follows. With 
low frequencies of indirect stimulation, e.g., 30 per sec. or less, transmis- 
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Fig. 4 Fig. 5 


Fig. 4. St.age 3b witii .a frequency of indirect stiimil.ntion of 200 per see. Soleiis. 
Time .signal: 5 sec. .After stimulation for 2 min. a re.st period of 10 see, was given. 
Ilo-application of the .stimuli reveals the influence of fatigue. 

Fig. 5. Stages 1, 2, 3a, Sb and Sc elicited with a frequency of 30 per see. after 
prostigmin. .Atropine: 1 ingm. per kgm. Records from the two gastrocnemii. The 
left popliteal nerve (lower record) had been stimulated at CO per see. for 40 min. 
This stimulus was stopped and prostigmin (0.5 mgm.) was injected. Two min. later 
a frequency of 30 per see. was applied to both .sides (at tiic first lower signal). Time 
signal: 1 min. The drum was faster at the beginning of the response, to spread out 
the prompt and brief stage 2. 


TAliLE 1 

Changes in spike magnitude and in conduction velocity of the A fibers of a circulated 
peroneal nerve ivhcn stinndalcd for /5-src. periods at different frequencies 
The spike magnitude is expressed as per cent of the response of the rested nerve 
stimulated at a low frequenc}’. The conduction velocity, expressed as m. per see., 
refers to the fastest fibers in the nerve. The last four determinations at 500 per see. 
were made successivcl}' with 10-sec. rest intervals between the periods of stimulation. 
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sion remains in the jfst stage, even when the stimuli are applied for several 
hours (Rosenblueth and Luco, 1939). With frequencies between 50 and 


Fig. 6. Responses of the A fibers of a circulated peroneal nerve to high frequency 
stimulation. Sciatic cut centrally. Stimulating electrodes immediatelj' below the 
cut. Recording electrodes near fibula; nerve crushed between them. Conduction 
distance 7 cm. The stimuli were made to trip the sweep of the cathode-ray oscillo- 
graph; the records begin, therefore, with a stimulus artifact. 

A. Beginning of stimulation at 100 per see. B. 15 sec. later. C. After 15 sec. 
stimulation at 300 per sec. D. After 15 sec. stimulation at 500 per sec. E. Calibra- 
tion of sweep: 1,000 cj'cles. 


Ip 






Fig. 7. As in figure 6, but continuous film to emphasize changes m spike-magni- 
tude. The stimuli were applied for 15 sec. and pictures were taken at the beginning, 
5 and 10 sec. later, and at the end of the period of stimulation. 

A. Frequency, 400 per sec. B. Frequency, 800 per sec. C. Frequency, 1,000 
per sec. 

100 per sec. the 1st stage is followed by the >^th, and later by the 5th. 
Between 150 and 300 per sec. the sequence is 1 3b Sc 4 -S- 
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With frequencies higher tlian 300 per sec. 1 is followed Iw 2, tlien by Sa, 
3b, and the sequence is thereafter as just given. 

B. The verve action potentials. Since there is little information available 
on the behavior of circulated mammalian nerves stimulated for relatively 
long periods with high frequencies, as was done in these experiments, the 
question arose whether the striking changes in tension illustrated above 
(figs. 1 to 4) could be due to corresponding changes in the number of nerve 
impulses delivered to the muscle jjer unit lime. Accordingly the .spike 
potentials of the A fibers of circulated peroneal nerves were recorded when 
stimulated as in the previous experiment.s-. 

Figures 6 and 7 illustrate typical results. For a more detailed descrip- 
tion of tlic behavior of the nerves all the results of one experiment are sura- 



Fig. 8. Mcch.anical and electrical responses of a soleus muscle to high frequency 
(600 per sec.) stimulation of the popliteal nerve. 

A. Mechanogram. Time signal, 5 sec. B to G. Electrograms. B, beginning of 
stimulation; the first spike potential went off the record. C to F at approximately 
3-sec. intervals. G, end of stimulation. 

marized numerically in table 1. With frequencies uj) to 600 per sec., 
although the conduction velocity is slowed, no significant cliange of spike 
magnitude of the a fibers takes place. Alternation was never apparent 
with frequencies up to 800 per sec., and was obvious at 1,000 per sec. only 
after a few seconds of stimulation. It is clear that the minor changes in the 
nerves are totally unrelated to the striking variations of neuromuscular 
transmission which correspond to the different stages. 

C. The muscle action potentials. The electric responses of the muscles 
varied with the diffei'ent frequencies of stimulation employed. It is not 
necessaiy for present purposes to give a detailed description of all the 
changes encountered. The following general statements maj" be made. 
At high frequencies of stimulation (300 or more) the muscle electrograms 
did not follow the rate of stimulation. Figure 8 is typical of the irregular 
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records obtained in all instances. Such irregularities are clearly indicative 
of asjnichronism and alternation. 

Notwithstanding the complex electromyograms recorded it was ap- 
parent (fig. 8) that the tension and the electric responses varied in a 
parallel manner. This parallelism warrants the conclusion that the 
changes of tension recorded indicate mainly or exclusively variations of 
contraction, not of contracture. 



Fig. 9. Responses of nerve and muscle to a prolonged period of stimulation at 30 
per sec. after prostigmin (0.5 mgm.). Upper records: nerve electrogram recorded 
diphasically from the stimulated popliteal nerve. Time: 10 msec. Middle records: 
muscle electrogram recorded diphasically from needles in the tendon and belly of 
gastrocnemius. Lower records: mechanogram. Time: 5 sec. 

A. Beginning of stimulation. B and C. 3 and 12 sec. later, respectively (arrows). 
D to I. 2, 5, 6, 7, 10 and 14 min. later, respectively. 

D. Prostigmin. Injections of prostigmin favor the appearance of stages 
2 and 3h — ^i.e., the.se stages occur with slower rates of stimulation than are 
necessaiy for their production in the normal s.ystems. The results were 
most clear and striking when a slow frequency (30 to 60 per sec.) of stimula- 
tion was applied after atropine and prostigmin to a nerve which had not 
been stimulated iire’^nousl.y. Figure 5 (iqiper record) illustrates a tj'pical 
instance. Figure 9 shows that the nerve action potentials remain full- 
sized throughout the period of stimulation and that the changes of ten- 
sion are due to increa,sing or decreasing numbers of muscle fibers sharing 
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in the response, as indicated by the vaiiations in the muscle action poten- 
tials. Wlien muscles had been stimulated for some minutes before the 
injections of ])rostigmin the stages in question did not apjjoar as clearly 
as in fresh prepai'ations (fig. 5, lower record). 

When, after pro.stigmin, a high frequency of .stimulation (100 per' 
.sec. or more) is a[)plied to (he motor nerve for a brief period (1 or 2 sec.) 


Wi ». 






Fig. JO, Delaj'ed contractions foUon'ing repetitive stimiiiation after prostigniin. 
Solcus. Upper rceords: meclianograms: time signal: 5 sec. A, stimulation of pop- 
liteal nerve at 200 per sec. during period marked by lower signal. B, similar stimula- 
tion, but at 100 per sec. Lower records; muscle electrograms, C and D correspond- 
ing to the mechanograms A and B, respectively. 

a delaj'ed increase of tension takes place after stimulation has ceased 
(Rosenblueth and Alorison, 1937). Tlii.s phenomenon Avas frequently 
encountered in the present observations. The eiectromyograms (fig- 10) 
e.xhibit the presence of action potentials during this late response. The nsc 
of tension is due, therefore, to a contraction, not a contracture. 

E. Acetylcholine. Intra-arterial injections of acetjdcholine tvere made 
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at different times during a period of stimulation at high frequencj’-, in order 
to test the effects of these injections on the several stages of transmission. 
The results may be summarized as follows. As pointed out by Rosen- 
blueth and Morison (1937), acetylcholine produces a fall of tension when 
injected during stages 1 or 3a. This fall was then interpreted as the ap- 
pearance of stage 2. This interpretation is invalidated by the present 
observations. Acetylcholine had only a slight and inconsistent effect on 
stage 2 (fig. 11 A). On the other hand, it cau.sed a marked accentuation 
and prolongation of stage Sb (fig. 11 A and B). The fall of tension which 



A. Plantaris. The popliteal nerve was stimulated at the rate of 000 per sec. for 
10 sec. with 10-sec. rest intervals. Several such stimuli had been applied before the 
record began, so tliat a stcadj’’ state of the responses had been attained. .'Vt lower 
signal (i.e., at the start of a period of stimulation) acetylcholine (1 mgm.) was in- 
jected into the inferior mesenteric artery. Time signal; 5 sec. 

B. Soleus. The first response shows the result of stimulation at 200 per sec. A 
similar response is markedly depressed by the injection of 0.5 mgm. acetylcholine at 
the lower signal. Time: 5 sec. 

Fig. 12. Influence of potassium on stages 2 and 3b. Records and procedure as in 
figure 11, except that KCI (20 mgm. in A, 25 mgm. in B) was injected instead of 
acetylcholine. 

acetylcholine produces when delivered during stage 1 is therefore probably 
due to the development of stage Sb. 

F. Potassium. The results of intra-arterial injections of KCI were 
qualitatively similar to those of acetylcholine described above. Small 
doses (5 to 15 mgm.) had a brief action, while larger doses (20 to 50 mgm.) 
had prolonged effects. Figure 12 illustrates typical observations. 

G. Post-tetanic effects. It is well known that the responses of muscles to 
different stimulating agents and procedures undergo characteristic varia- 
tions when tested shortly after a period of tetanization. In the course of 
this study several such changes were encountered, which will be described 
in this section. 
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Roscnblucfh and Morison (1937) reported that the muscular responses 
to single ner\'c volleys could become rcpetiti%'e during the post-tetanic 
period. This report wa.s called erroneou.s by Brown and Euler (1938). 
Feng, Li and Ting (1939a), however, gave clear electrical evidence of the 
j-epetitive nature of the po.sf-tctanic re.spon.se.s of .solens. We were able 
to confirm Adly thc.se ob.servat ion.s. 

The rcspon.ses of denervated mn.scle.s to acetylcholine were found by 
Ro.scnblueth and Luco (1937) increased after a j^eriod of direct tetanization. 
In the pre.scnt cxperimonl.s the re.spon.ses to both acetylcliolino and pota-s- 
sium were greater after .short i^eriods- (10 to 30 sec.) of indirect activation. 
Indeed, do.sc.s which were quite .mbliminal before the tclamis yielded 
marked cfTocta during the j)Ost-tclanie .s-tage. Such rc.sponsc.s were con- 



Fig. 13. Mechanical {.V and B) and electrical (C and D) responses of a solcus mus- 
cle to intra-arterial injections of acetylcholine (1 jngm.. A and C) and KCl (oOmgm., 
B and D). These injections were made shortly after sovei al periods of tetanic stimu- 
lation. The same doses injected before tetanic stimulation gave no responses, 
mechanical or electrical. 


tractions, as shown bj’ the iire.sencc of spike-potentials in the electrograms 
(fig. 13). 

Discussion. Changes of ten.sion early during repetitive indirect stimu- 
lation at high frequency had been observed by Wedensky (1886) and 
Hofmann (1902). A recognition that .such changes of tension imply dif- 
ferent stages of neuromuscular transmission was, however, not made at 
that time. 

The records in figures 2 and 4 indicate that stages 2 and Sb are not phe- 
nomena of fatigue or exhaustion. If .such were the case repetition of the 
periods of stimulation at short inteiA'als should lead to increasing fatigue, 
and lienee to a deeper and more prolonged fall of tension at those stages. 
The opposite effect i.s ob.scrvcd: stages 2 and 3b become briefer and less 
prominent as fatigue develops. The paradoxical increase of response dur- 


EARLY STAGES OF NEUROMUSCULAR TRANSMISSION 


215 


ing fatigue is explained by the assumption that stages 3 and Sh are not 
caused b 3 ’' deficiencj’- or exhaustion, Imt arc due to the superabundance of 
a depressive agent or condition. 

Repetition of the periods of stimulation does result, in certain observa- 
tions, in an increase of stages S and 8b (figs. 2 and 3). It may be inferred 
that a previous period of tetanization conditions the succeeding response 
in two opposite waj's. It tends to decrease the response (both the 
4- and the — stages) because of fatigue. But it also tends to increase 
these responses because of the development of another factor, unknov'n at 
present. This factor is assumed to be responsible for the changes de- 
scribed in section G under the heading "post-tetanic effects.” It will be 
discussed further beloiv. 

Before considering the possible mechanisms involved in the appearance 
of the several stages it is important to emphasize some of the negative 
aspects of the problem. The records of the nerve spike-potentials (figs. 
6, 7 and 9, table 1) render unlikeh' the view that changes in the magni- 
t,ude of the nerve impulses delivered to the muscle can be rnsponsible for 
the sequence of the stages. It is true that these spike-potentials arc 
measured from the axons in the nerve trunks, not at the fine teminal fila- 
ments or nerve endings. But there is no reason to believe that such fine 
nerve temiinals differ significantly in their properties from the regions 
of the axons tested. Indeed, the sequence of the stages takes place after 
prostigmin at such low frequencies (figs. 5 and 9) as to render quite im- 
probable the \dew that the nerve impulses would varj’^ significant^’’ during 
the period of stimulation. 

The electromjmgrams (figs. 8 and 9) indicate that the changes of ten- 
sion are due to variations of contraction, not to the presence or absence of 
contractures. Although sj'stematic data on the ability of the conducting 
s 3 "stom of muscles to follow different frequencies arc not available, the 
incidental observations made in this and prerdous studies would eliminate 
changes of muscular conduction as the source of the sequence of the stages. 
At slow frequencies (fig. 9) the muscle should be capable of follovdng the 
stimuli throughout and although at high frequencies the muscle cannot 
follow the rate applied to the neiwe, typical action potentials are elicited 
at a slower rate (fig. 8). 

It maj’’ be inferred that the sequence of stages denotes fundamental^" 
changes of neuromuscular transmission, as opposed to possible changes 
in the conducting sj^stems of either nerve or muscle. 

As far as is known at present, there is no significant difference in the 
process of transmission during stages 1, 3a and Sc. The stimulus delivered 
by the neiwe to the muscle is adequate. There is no alternation in the 
muscular responses at low frequencies, and, if the rate of the neiwe impulses 
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is too high for tho muscle to follow, alternation is gross!}' similar i!i these 
three stages. The action of acetylcholine, ])otassium and prostigmin is 
likewise similar. 

The stages of depression or lack of transmi.ssion, 2, 3b and Jf, on the other 
hand, differ significantly from each other, as follows. With respect to 
frequency of stimulation, stage 4 occui-s at lower frequencies than the 
other two; a frequency of 50 jicr sec. is adequate for its appearance in 
gastrocnemius or solcus (Rosenhiucth and Luco, 1939). Stage Sb takes 
place with frequencies of 200 to 300 per sec. (figs. 1, 3 and 4), while stage 2 
requires frequencies of 400 or more (figs. 1, 2 and 3). Acet5dcholinc and 
potassium have only a .slight effect on stage 2 (figs. 1 1 and 12) ; the}' mark- 
edly accentuate .stage 3h (i.e., the ten.sion falls lower; figs. 11 and 12); 
they improve transmission during stage 4 (i.e., the tension rises; Rosen- 
biueth and Moihson, 1937). 

When a single early stage of depression is present in the response to 
stimulation under given experimental conditions, it is sometimes difficult 
to decide whether that stage is 2 or 3h. If the action of acetylcholine or 
potassium can be tested the doubt may disappear. It is likely, however, 
that in certain conditions — e.g., rapid stimulation after prostigmin — 
stage 2 is long-lasting and stage 3h begins sooner than usual, so that the 
two stages merge and stage Sa is totally absent. Such a sequence can 
only be inferred. 

Rosenblueth and !Morison (1937) attributed stage 2 to an excess of 
acetylcholine causing the well-lcnown paralytic action. This view is not 
supported by the present data. For, if stage 2 were due to an excess of 
acetylcholine, injections of the substance should result in further depres- 
sion, yet they do not (fig. 11). On the other hand, stage 3b appears to be 
produced by precisely that mechanism (fig. 11). The excess of acetylcho- 
line could be absolute, because of accumulation during repetitive stimula- 
tion, or only relative, because the muscle presents to the transmitter a lower 
paralytic threshold at that time. That high frequency of stimulation will 
render the muscle more excitable to acetylcholine is shown in figure 13. 
This increased excitability after high-frequency activation is in contrast 
with the decreased excitability which is apparent after low-frequency 
tetanization (Rosenblueth, Lissak and Lanari, 1939). The complexity of 
the after-effects of tetanic stimulation is thus emphasized. 

If stage 2 is not due to an excess of acetylcholine, what may be its source? 
This question is at present unanswerable. Clearly some depressive factor 
different from acetylcholine is at play. Indeed, since acetylcholine, which 
deeply modifies the responses of the muscle at all other stages, has a minor 
effect during stage 2, it is necessar}' to assume further that the development 
of this factor is inversely related to the concentration of acetylcholine. 
Boyd, Brosnan and h'laaske (1938) have described an early inhibitory stage 
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apparent in neuromuscular systems treated with magnesium. Although 
the data are not sufficient for a decisive conclusion, it is possible that this 
inhibition may differ from stage 2, since the authors conclude that their 
depression is more marked at lower than at higher rates of stimulation, 
whereas 2 is in direct relation with the frequency of stimulation (figs. 1 
and 3). 

Feng, Li and Ting (1939a) report that the repetitive response of a muscle 
to a single nerve volley during the post-tetanic period is followed by an 
inhibitor}’- after-effect. This inhibition is decreased by eserine. It is fur- 
thermore independent of the frequenej’’ of stimulation (Feng, Li and Ting, 
1939b), the first volley producing as much after-depression as a series of vol- 
lej'-s. Since stage 2 is more prominent after eserine and since it is undoubt- 
edly a function of the frequenc}'- of stimulation, it may be inferred that 
stage 2 and Feng, Li and Ting’s inhibition are due to different processes. 

It may be concluded that the processes which may lead to cessation of 
neuromuscular transmission are numerous and complex. The explanation 
suggested by Rosenblueth and Morison (1937) for stage 4, that it is due 
to an exhaustion of the production of acetylcholine, fits all the data (cf. 
Rosenblueth, Lissak and Lanari, 1939). Stage Sh may well be due to 
an excess of acet3dcholine; no data contradict this view. At least two 
more conditions of depression should be recognized: stage 2 and Feng, Li 
and Ting’s inhibition. More data are necessar}’- before deciding upon a 
reasonable explanation for these two types of depression which will be more 
than speculative. 

The inci’ement of responses to single nen-e volleys during the post-tetanic 
period was attributed by Rosenblueth and Morison (1937) to a mobiUza- 
tion of potassium ions in the muscle. A similar explanation has been 
adopted by Brown and Euler (1938) and by Feng, Lee, Meng and Wang 
(1938). In accord with this view Lee (1939) reports that there is in dener- 
vated muscle an inverse correlation between the potassium contents and 
the excitability to acetylcholine. Before applying Lee’s evidence to the 
problem under discussion it would be necessary, however, to learn whether 
the responses of the muscles he tested were contractions or contractures. 

The data (figs. 11, 12 and 13) support the close interrelation between 
acetylcholine and potassium in neuromuscular transmission previously sug- 
gested by many observations. The nature of this interrelation is, however, 
at present quite obscure. It is likely that light on this problem might 
elucidate many of the difficulties now encountered. 

SUMMARY 

The responses of striated muscles to stimulation of their motor nen’es 
were studied in cats. With a high frequency of stimulation the tension 
undergoes the following tjqDical sequence of ups and downs. The initial 
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rise (stage i) is proBiptly followed by a fall (st age 3); a further rise (3a) is 
again followed by another fall (Sb); a new rise (Sc) marks the end of the 
"early” stages; these are followed by the "late” stages, fatigue (4) and a 
delayed rise (5). 

Wlien tests arc made witii increasing frequency of stimulation stage 3b 
occurs with a lower rate than is necessary for the appearance of stage 2 
(figs. 1, 3 and 4). Repetition of a high frequency results in the earlier 
development of the stages of depre-ssion 2 and 3b (figs. 2 and 3). 

The depressions arc not due to corresponding decreases in the iicne 
impulses delivered to the muscles (figs. 6, 7 and 9; table 1). 

The changes in tension arc due to variations of contraction, not of con- 
tracture (figs. 8 and 0). 

After prostigmin the early stages maj* occur with relatively slow frequen- 
cies (figs. 5 and 9). A brief period of stimulation at a rapid rate is usually 
followed by a delayed contraction (fig. 10). 

Acetylcholine and potassium have only a slight effect on stage 2, They 
accentuate the depression during stage Sh (figs. 11 and 12). 

Tetanic stimulation augments the muscular rcs])onscs to acetylcholiuc 
and potassium (fig. 13). 

The discussion of the data leads to the following inferences. The 
changes of tension are due to presence or absence of transmission at some 
of the neuromuscular junctions — i.e., the stages denote changes of transmis- 
sion (p. 215). No explarration is available for stage 2 (p. 216). Stage 3b 
can be exjilained by the assumption of a paralytic effect of an excessive 
concentration of acetylcholine (p. 216). The increased responsi^nty of 
muscle to norvm impulses, to acetylcholine, and to potassium after a period 
of tetanization may be due to a mobilization of potassium during the 
tetanus, but direct evidence is lacking of such mobilization and its mecha- 
nism (p. 217). 
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SOME CONDITIONS AFFECTING THE LATE STAGES OF 
NEUROMUSCULAR TRANSMISSION 
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Ileccivcd for pulrlication March 14, 1940 

When a motor nerve is continuously stimulated at the rate, c.g., of 60 
shocks per second the muscular rcsiionsc becomes minimal as time passes. 
This stage of “fatigue” is followed gradually by a remarkable recovery of 
the ability of the muscle to contract (Luco and Roscnblueth, 1939). 
Because of earlier variations in the behavior of muscle stimulated indi- 
rectly these tAvo stages have been numbered, rcspectivclj^, 4 and 5. In an 
assay of the acetylcholine (a-ch) content of motor nerves Avhich had been 
stimulated until the fatigue of stage 4 oi* fkc full recovery of stage 5 had 
been reached, Ro.s'cnblueth, Li.s.sak and Lanari (1939) found that the 
the concentration of a-ch was low in stage 4 and that it gradually increased 
with the degree of i-ecovery in stage -5. According to the theory of chemical 
transmission at neuromuscular junctions, stage 4 results from iraitsmission- 
fatigue, i.e., the output of a-ch is not adequate to excite contraction in 
many of the muscle fibers; and in stage 5 the muscular performance is 
better because the nerves, richer in a-ch, are liberating more of it at their 
terminals. Support for this interpretation of stages 4 and 5, or lack of it, 
is important for acceptance or rejection of the chemical theory. Further 
pertinent evidence can Ijc obtained by testing the effects of prostigmin. 
and curare and by registering the influence of tetanic stimulation in the 
two stages. 

Methods. The method employed was e.sscntially that described by 
Luco and Roscnblueth (1939). In cats under dial anesthesia the Achilles 
tendons, AA'hich AA-ere attached to tAA'o similar IcA^ers, pulled doAvjiAA'ard 
against hcaA-y rubber bands. Usually all three muscles — gastrocncmius- 
plantaris-soleus — Avere left attached to the tendon, but occasionally the 
soleus AA-as used alone. For rigid support the legs AA'ere fixed by di'ills 
driven into the tibiae and firmly clamped to reinforced uprights. Shielded 
electrodes applied to the popliteal nerA^es, after severance of the sciatic 
as near to its origin as couA’-enient, carried the condenser discharges (regu- 
lated by a thyratron) AAdiich serA'^cd for stimidation. Shocks of such in- 
tensity as to produce maximal single contractions Avere iiwariably used. 

Results. The action of prostigmin in stages 4 5. Because pro- 

219 



220 


W. II. CANNON ANI> A. ItOSKNBLUETII 


stigmin protects a-ch from rapid dc.sl.ruction by choline.slera.^o it might he 
expected to imiirovo muscular contraction in stage 4 by favoring greater 
effectiveness of the meager output of a-ch from the nerve terminals at 
that time. In stage 5 it might, have cither favorable or unfavorable effects, 
dependent on whether the pre.servation of a-t.‘h inerea.scd the concentration 
of that agent strictly Avithin the stimulatory I'ange or raised the concentra- 
tion above the paralytic threshold. Furthermore;, since stage 5 develops 
concomitantly with an increase of a-ch in the nerve, jirostigmin might, he 
expected to aff(;ct. the rate of its develojunmit. 

In preparation for the tests the animals were secured against the harmful 
action of jirostigmin by an intravenous injection of atrojiine (1 mgm. 
per kgm.) just before stimulation was started. The stimuli were repeated 
at the rate of 60 per second. The popliteal on one side Avas stimulated until 
stage 6 Avas first evident, Avhereupon stimulation Avas started on the other 
side. When on this second side stage 4 "'as approached or actually reached, 
lirostigmin Avas injected into the jugular A'ein. Figure 1 is an illustratiA'c 
instance of the difference of the effects of a small dose on the Iavo re.spoase.s 
--mainly a dejire.ssivc action in stage 5 and a inirely augmentiA'c action 
Avhen stage 4 Avas about to be entered. It is notcAvorthy that the further 
the progress into a fully doA'cloped stage 5 the more direct is the depres.sion 
induced by prostigmin (cf. fig. 1). And Avhen stage 5 is more marked on 
one side than on the other, as indicated by a greater degree of' tetanic 
contraction, the effect of prostigmin in causing relaxation is greater on the 
more contracted side. 

Tests AA'ith single shocks rcA'caled that the potentiatiA'e action of a small 
dose of prostigmin (about 0.1 mgm. per kgm.) Avill last at least 90 minutes; 
and other tests, e.g., on the appearance of stages 2 and 3h (cf. Rosenblueth 
and Cannon, 1940), indicated that its influence may persist for cA'en longer 
periods. It Avas reasonable, thereforc, to look for an effect of prostigmin 
on the time required for the first sign of stage 5 after the stimulation 
started, and also on the rate of dcA-elojimcnt of stage 5 after it Avas started. 
The procedure used to secure cAudcnce on these points Avas to stimulate 
the popliteal on one side until stage 5 began to be manifest , and then inject 
prostigmin (usually 0.5 mgm.) and initiate stimulation of the other 
popliteal. In six experiments stage 5 inA'ariably deATloped sooner under 
the influence of prostigmin than in its absence. The period Avas shorter 
b.y interA'^als Amiying from 15 to 60 minutes (sec table 1). Usually the 
time required for the first appearance of stage 5 after the start of stimula- 
tion (at 60 shocks per sec.) lies bctAA^en 90 and 120 minutes. Not only 
does prostigmin adA^ance the beginning of stage 5, it also accelerates its 
dcA’elopment. For example, the degree of shortening of the muscles in 
stage 5 that had been reached just before the first injection of prostigmin 
at 12:08 in figm*c 1 had required 43 minutes from the start of that stage. 
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Fig. 1. The effects of prostigmin in stage 5 (upper record) and near the beginning 
of stage 4 (lower record). At 12:08 prostigmin (0.25 mgm.) was injected into the 
jugular vein with no obvious effect on the resting muscle (lower record before stim- 
ulation). After 12:12 the drum was turned rapidly in order to bring out stage 8 
when the stimulation of the resting side was started: stages 3a, Sb and Sc follow. At 
12:28 prostigmin (0.25 mgm.) caused a pure contraction on the side approaching stage 
4, and on the side in stage 5 almost a pure relaxation. Time, 1-minute intervals. 


TABLE 1 

Time of first appearance of stage 6 after the start of stimulation 
In each experiment are compared bilaterally symmetrical muscles in the same animal. 


■WITHOTJT PROSTIGMIN 

AFTER PROSTIGMIK 

SHORTENIKG OF THE PERIOD 

min. 

TTltn. 

min. 

85 

65 

20 

105 

45 

60 

118 

65 

53 

75 

60 i 

15 

105 

75 

30 

135 

120 

15 


After the two injections of prostigmin (0.25 mgm. each) the same degree 
of shortening in stage 5 wa.s reached by the muscles of the other side in 22 
minutes. This more rapid increase of tension in the recovery phase after 
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fatigue, as the stimulation is continued under prostigmin, is a quite typical 
phenomenon. 

The relative effects of curare in stages 4 and o and at the fresh neurormiscidar 
junction. Curare reduces the muscular re.s])onse to uniform maximal nerve 
impulses or to uniform injections of a-ch (Brown, Dale and Feldberg, 1936; 
Roscnblueth and Luco, 1937). By increasing the amount injected the 
response is decreased. In short, curare acts as if it raised the threshold 
to a-ch. Since there is evidence that nerve impulses discharge different 
amounts of a-ch in stages 4 and 5 and when there has been no previous 


A 


F 




Fig. 2. Records of two solcus muscles, simultaneously stimulated through the 
popliteal nerves with maximal single shocks every 5 seconds. Upper record, nerve- 
muscle fresh; lower record, in stage 4- 

A. At signal, 0.15 cc. of curare injected intravenously. Time, 1-minute intervals. 
Three and 9 minutes after the injection (at first and second arrows) the nerves were 
stimulated 10 and 30 seconds, respcctivelj', at the rate of 60 shocks per second. 

B. Twenty minutes after the injection. Xo response on the fresh side until after 
tetanic stimulation (30 sec., 60 shocks per sec., at arrow). Good responses of the 
soleus in stage 4t both before and after temporary inhibition during the rapidh' 
repeated shocks. 

stimulation, curare might be expected to have different effects in these 
various circumstances. 

First, two symmetrical muscles (soleus or gastrocnemius), one in the 
fresh state and the other in the fatigued condition of stage 4, were compared 
while being stimulated at 5-second intervals with maximal single shocks 
applied to the popliteal nerve. The intravenous injection of a small 
amount of curare then showed that the response of the fatigued muscle is 
depressed sooner than is the response of the fresh one. Furthermore, this 
earlier effect is followed bj' a sharper decline in the height of the contrac- 
tions. These results are shown in figure 2. 
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Although fatigue at the neuromuscular junction is attended by a prompt 
indication of the depressive influence of curare, the recovery from curariza- 
tion begins sooner and is accomplished more rapidly on the fatigued side 
than on the fresh side. In the experiment illustrated in figure 2, for exam- 
ple, the first slight signs of recoveiy appeared in the lower record (stage Ji) 
about 9 minutes after the injection; on the other hand, except as post- 
tetanic contractions (fig. 2B), they did not appear in the upper record (fi’esh) 




Fig. 3 Fig. 4 


Fig. 3. Records of two gastrocnemius muscles simultaneouslj" stimulated through 
the popliteal nerves with maximal single shocks every 5 seconds. Upper record, 
nerve-muscle fresh; lower record, in stage li. Curare injected 12 minutes previouslJ^ 
Between signals, tetanic stimulation (60 per sec.) for 30 seconds produced Wedensky 
inhibition. A post-tetanic decurarization occurred on the fresh side onlj'. 

Fig. 4. Records of two gastrocnemius muscles stimulated simultaneously through 
the popliteal nerves with maximal single shocks every 5 seconds. Upper record, in 
stage Jf.-, lower record, in stage 5. .\t first signal curare (0.05 cc.) injected intra- 
venously; at second signal artificial respiration started. Time, 1-minute intervals. 
The interruption in the upper record, about 4 minutes after the injection, was due 
to 10 seconds of stimulation (of both nerves) at 60 shocks per second. 

until 31 minute.s after the injection. It seems, therefore, that although 
curare acts earlier at the fatigued neuromuscular synapse, it has there a less 
profound and less persistent effect, i.e., the fatigued sjmapse is more 
re.sistant than the fresh one (cf. fig. 3). 

Another remarkable difference between the performance of a fresh 
neuromuscular preparation and one in stage 4 is seen in testing for post- 
tetanic decurarization. A short tetanic stimulation, at high frequency, 
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applied to a nerve in a curarized animal, will cause temporar\' decurariza- 
tion at the nerve terminals (Boj'd, 1932). This typical phenomenon does 
not occur in stage As shown in figurci.S the gastrocnemius in stage 4- 
(lower record) had partially recovered from curare, while the other gastroc- 
nemius (fairly fresh) was only slighllj’’ responsive to the test nerv'^e vollej^s 
(5-second intervals). Then a tetanic stimulation, at 60 per second, was 
applied. Continuance of the single shocks disclosed a striking post- 
tetanic decurarization on the fre.sh side, but none on the other side, in 
stage /f. 

Still another difference between the fairly fresh neuromuscular sjmapse 
and the synapse in stage 4 is disclosed when, after curarization has been 
partially recovered from, the nerves are maximalh' stimulated at a .slow 
rate (2 per sec.). The decline in the degree of contraction as the stimuli 
are repeated (Wedensky inhibition) is much more marked and more rapid 
in the fre.sh than in the fatigued muscle. No definite conclusion can be 
drawn from this contrast, however, because the rate of i-ecoven.' from 
curarization is different on the two sides (see j). 22.3). The contrast is 
mentioned here as a matter of record. 

A comparison of the action of curare on stages 4 5 shows that it is 

much more depressant on the latter than on the former, i.e., the resistance 
to curare, increased during stage 4, decreases towards the normal as stage 
5 develops. An intravenous dose (0.15 cc.) which does not stop respiration 
may completely stop the responses to maximal single shocks (delivered at 
5-second intervals via the popliteal) of a gastrocnemius in stage 5, while 
merely reducing to about one-half, for a few minutes, the responses of the 
other gastrocnemius in stage 4, tested in the same manner (see fig. 4). This 
is a typical phenomenon. 

It is worth noting that Wedensky inhibition, produced by slowh' 
repeated stimuli (2 per sec.) after partial recovery from curare, is more 
prominent in stage a than in stage 4- Here again the 5th stage resembles 
the fresh condition. Comment on the relations of stage 5 to stage 4? 
however, is made difficult in the circumstances bj’ the differential recovery 
from curarization in the two conditions. 

The post-tetanic increment of contractions in stages 4 5. When a 

series of twitches of skeletal muscle, evoked indirectly by stimuli of uniform 
intensity, is interrupted by a brief tetanus, the subsequent twitches are 
greater than the original. Clear evidence is lacking to account for this 
well-established phenomenon. Further information concerning the con- 
ditions which affect its appearance is therefore important. 

As shown in figure 5A, a typical augmentation of the single responses 
occurred after 15 seconds of stimulation of the soleus through the popliteal 
nerve at the rate of 500 shocks per second. Thereupon the muscle was 
similaiij’^ stimulated for 42 minutes, at the rate of 60 .shocks per second, 
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until stage 4 'vas well established. iVImost immediately after cessation of 
the fatiguing stimuli, maximal single shocks at 5-second intervals were 
begun, and at the end of a minute tetanic stimulation (500 per sec.) for 
15 seconds was repeated. When the single shocks were continued, the 
post-tetanic increment failed to appear (sec fig. 5B). After a short rest 
period — 4 or 5 minutes — the augmenting influence of the tetanus was again 
manifest, but not to so groat a degree as in figure 5A. 

When stage 5 had been developed by further stimulation at 60 shocks 
per second, the absence of the increment was still more striking (sec fig. 5C) . 

K C Si . 



Fig. 5. Records of tlic riglit soleus muscle stimulated through the popliteal nerve. 
Time, 1-minutc intervals. 

A. Increment of responses to maximal single shocks (repeated at 5-sec. intervals) 
after 15 seconds of tetanic stimulation at the rate of 500 shocks per second. 

B. Absence of the post-tetanic increment when the same test was applied, but 
after stage 4 had been produced by stimulation of the muscle 60 times per second 
for 42 minutes. 

C. -\bsencc of the post-tetanic increment immediately after interruption of 
stage B. 

D. Reappearance of the increment, somewhat belated, after 10 minutes of relative 
freedom from stimulation. 

Three tests during 12 minutes after the end of the stimulation which pro- 
duced stage 5 elicited no po.st-tetanic increase of response, in spite of two 
rest periods of 3 minutes each. Ten minutes later, however, a rather 
belated increase was recorded (see fig. 5D). 

Incidentall.y it may be reported here that our observations have con- 
firmed those of Feng el al. (1938) that the soleus muscle is better suited 
to manifest the post-tetanic increment than is the gastrocnemius, and that 
the longer the conditioi\ing tetanic stimulation, within limits, the longer 
the duration of the subsequent increment. 
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Discussion. The effects of 'prosligmin. As pointed out earlier, there 
is indication of a low output of a-ch in stage 4 and of an increased output 
in stage 5. Tlie results obtained b}’’ u.se of prostigmin are consistent with 
that evidence. Prostigmin augments the muscular response in stage 4, 
and has chiefly a depre.ssive influence on the response in stage o (see fig. 1). 
In both stages the drug protects a-ch against rapid destruction by cholin- 
esterase. The greater resultant contraction in stage 4 Cfin reasonably he 
interpreted as due to the participation of a larger number of fibers, brought 
into action because the iiersistence of a-ch re.sults in an increased concen- 
tration at the synajise. The dimini.shed response in stage -5 is reasonably 
e.xplained by the development of .so high a concentration of the protected 
a-ch that it reaches up into the paralytic range for many of the fibers 
(cf. llo.senblucth and Morison. 1937). 

Likewise can be explained the influence of prostigmin in shortening the 
period bet, ween the start, of stimulation and the first sign of stage 5, as 
well as .shortening the jieriod of development of stage o itself. Stage o 
grows out of stage 4 ns a-ch becomes gradually more concentrated in the 
nerve fibers. By checking destruction of the slowly increasing amount 
of a-ch in the nerve when the period of fatigue has begun to jiass away, 
jirostigmin naturally sets forward the proce.ss of recovery. 

llosenblucth and Luco (1939) have .shown that there is no correlation 
between the height of the spike potentials of the stimulated nerve and the 
develoinnent of stage 5 in the responding muscle and thereby they have 
proved the inadeepmey of the electrical theory in explaining stage o. 
That theory also fails to account for the action of jirostigmin. Even if 
prostigmin should have a sensitizing effect which would render electrical 
impulses from the nerve fibers more effective in stage 4i t^mt effect 
could not be reconciled with the depre.ssant action of jirostigmin in stage 5. 
On the other hand, the theory of chemical transmission, as shown above, 
can readily elucidate these phenomena. 

The effects of curare. Difficulties are encountered in attempting a com- 
plete explanation of the quantitative differences in the action of curare 
at the various stages of neuromuscular transmission. The more prompt 
depression of resjionso of muscles in stage 4, compared with fresh muscles 
(see fig .2), maj’’ perhaps be due to persistent va.sodilatation in the fatigued 
muscle, because of the metabolites of the preceding muscular activity. 

On the basis of previous evidence, curare apjiears to raise the threshold 
of the muscle to a-ch (see Rosenblueth and Morison, 1937). The dimin- 
ished height of contractions in figure 2, after an injection of curare, could 
thus be accounted for. But there is testimony that the a-ch available in 
stage 4 is less than in the fresh state (Rosenblueth, Lissak and Lanari, 
1939), and therefore it might be sujjposed that curare would bo especially 
effective in that stage. As shown in figures 2 and 3, however, the drug 
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has a deeper and more persistent depressive action on the fresh neuro- 
muscular junction than on that which has been subjected to prolonged 
stimulation until it is well fatigued. 

Feng et al. (1938) have demonstrated that curare in a small dose abolishes 
the tjTiical increment of single contractions that follows a brief tetanus, 
whereas after a larger dose, sufficient to produce a nearly complete sjmaptic 
block, the increment reappears. These results ivere obtained when the 
neuromuscular junction had not been much stimulated. In our experi- 
ments, when the dose of curare was such as to permit a post-tetanic decura- 
rization or increment on the fresh side, the increment did not appear on 
the side in stage 4 (see figs. 2 and 3). But the muscle in stage 4 was 
already performing much better than the relatively fresh one. Might it 
not be possible that the prolonged tetanic stimulation, required to develop 
stage 41 resulted in a more or less pemistent condition resembling that 
produced acutely and for a short time after a brief tetanus, i.e., the evok- 
ing of some adjuvant agent which renders more effective the a-ch liberated 
bj’- nerve impulses. This suggestion would imply an agent not readily 
removed or destroyed. It would imply also that the agent is so promi- 
nently present, after the prolonged stimulation leading to stage 4, that for 
a considerable period it could not be increased by brief tetani. Thus the 
greater resistance to curare of the neuromuscular synpase in stage 4i and 
the lack of a post-tetanic increment in that stage, could be imagined. 

A perplexity arises, however, when this concept is carried over into 
stage 5. In that stage the neuromuscular junction is more sensitive to 
curare than that in stage 4 (see fig. 4), and j’^et it has been stimulated much 
longer than the junction in stage 4- Ono waj' out of the difficulty is to 
suppose that by the time stage 5 is reached the accessoiT' agent has been 
exhausted or in some manner rendered ineffective. Then the failure of the 
increment in stage 4 could result from a maximal presence of the agent, 
as explained above, and the failure in stage o could result from its absence 
or ineffectiveness. The greater sensitiveness to curare in stage o would 
be consistent with this idea. 

The post-Manic increment in stages 4 Rosenblueth and Morison 

(1937) suggested that the post-tetanic increment of the responses to single 
ner\re volleys is due to a diffusion of potassium from the muscle during 
the period of tetanic stimulation. This suggestion was supported by 
observations of Brown and Euler (1938) and of Feng et al. (1938). Feng 
and his collaboratoi's have shown that an intra-arterial injection of a small 
amount of potassium chloride has all the effects of a tetanic stimulation, 
and, furthermore, that these effects are modified by eserine and curare 
just as are the post-tetanic effects. Feng argues, therefore, that the 
release of potassium at the neuromuscular synapse in an unusual abundance 
by rapidly repeated shocks would account for all the post-tetanic phenom- 
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ena. As remarked alcove, Feng’s observations were made on relatively 
fresh neuromuscular synajises. Admittcdlj' the duration of the increment 
of responses after a tetanus is too long to be explained bj^ continued action 
of a-ch — its existence is ephemeral. iVn accumulation of potassium at 
the synaixse, however, collaborating with a-ch (sec Brown and Feldberg, 
1936) would furnish the adjuvant- agent invoked in the previous section 
to provide a concept of what might be transpinng in stages 4 ^i>'d 5. 
Whether prolonged stimulation, s\ich as is required to bring forth stage 4, 
would result in a more persistent ])rc.sencc of potassium than results from 
short stimulation, as was surmised, is not at all evident. And whether a 
still more prolonged stimulation, that evoking stage 5, would be attended 
by a great fall in the iJOtas.sium output, as was surmised, is also not evident. 
Concerning the possible cotiperation of a-ch and potassium at .synapses 
our knowledge is too meager to jtistify at this time further piu-suit of these 
speculations. 

SU.MMAUY 

'The muscular response in stages (fatigue) and 5 (recovery while tetanic 
stimulation is continued) was studied in relation to certain conditioning 
factors. 

Prostigmin has an augraentivc action on the muscular response during 
stage 4 (sec fig. 1 ) ; a depressive effect is more marked as stage 5 pro- 
gresses. 

Prostigmin advances the onset of stage 5 and accelerates its development 
(see table 1). 

Curare has an early and precipitate depressive influence in stage -4, 
but the recovery from the depression is sooner and faster than in fresh 
muscle (see fig. 2); i.e., the fatigued .s^mapse is more resistant to curare 
than the fresh one. 

Post-tetanic decurarization does not occur in stage It- as it does in the 
fresh state of the synapse (see fig. 3). 

Wedenskj^ inhibition (induced by maximal stimuli applied 2 per sec.) 
occurs to a more marked degree and at a faster rate in fresh than in fatigued 
muscle. 

In stage 5 conditions are more like those of the fresh state than of stage 
i.e., the muscle in stage 5 is less resistant to curare than in stage U (see fig- 
4), and Wedensky inhibition (induced as described above) is more promi- 
nent in stage o than in stage 4- 

The post-tetanic increment of responses to single nen'e vollej's, which 
is evident in fresh prepax’ations, disappears in stage if the test is made 
immediately after the fatiguing tetanus. A short period of rest, however, 
allows the phenomenon to reappear. The increment is absent also m 
stage 5, and a longer rest is required for its return than in stage J^. (See 
fig. 5.) 
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In the discussion these results are considered in relation to the chemical 
and electrical theories of neuromuscular transmission. 

•b 
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The lowered basal metabolic rate of animals following the removal 
of the adrenal glands (1) is a striking and constant feature of the changes 
which take place in all of the species so far investigated. It has not been 
definitely established whether this reduction is a, a specific change resulting 
from the lack of the adrenal cortical hormone; b, a manifestation of an 
interrelation between the adrenal gland and one or more of the other 
cndocrines knomi to secrete hormones having a calorigenic action under 
physiological conditions, or c, the indirect result of progressive circulatory 
and respiratory failure. If the metabolic rate of the whole animal is the 
sum of the metabolism of all of the tissues plus a certain minimum func- 
tional metabolism as suggested by Barcroft (2), then the in vitro respira- 
tion rate of tissues taken from adrenalectomized animals might 3deld 
some information which would help to separate direct and indirect effects 
of adrenal insuflaciency. Either the failure of the direct action of the 
adrenal cortical hormone on tissue respiration or the secondary failure 
of action of some other hormone might be expected to affect the in vitro 
as well as the in vivo oxygen consumption. However, a lowered basal 
metabolic rate resulting largely from failure of the circulation, external 
respiration and other aspects of the minimal functional activities would 
not necessarily be associated with reduced rate of respiration in vitro of 
the tissues from the same animal. 

Field, Belding and Martin (3) demonstrated that the sununated tissue 
respiration in normal adult rats amounts to about sixty-six per cent of 

* Supported in part by a grant from the Rockefeller Fluid Research Fund of the 
Stanford University School of Medicine and in part by assistance furnished by the 
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tlie mean basal metabolic rate, the largest fraction of the remainder being 
attributed to minimal functional activity. The present communication 
presents a survey of organ respiration in adrenaicctomized animals as part 
of a study of the relation of summated organ metabolism to basal meta- 
bolic rate in adrenal insufficiency. 

Methods. The rats used in this experiment were young adult males 
and females of the Slonaker-Wistar strain. The range of weight was 
from 94 to 143 grams. Animals used for comparison were in almost all 
cases litter mates. For eight to ten days preceding the beginning of each 
experiment the animals w’ere kept in a warmed room under the same con- 
ditions of temperature and alimentation as were to be encountered after 
adrenalectomy. 

After this preliminarj' acclimatization the animals w'ere bilaterally 
adrenaicctomized under pentobarbital anesthesia (37 mgm. per kgm. 
intraperitoneally) through the lumbar approach, A second series of ani- 
mals Avas subjected to similar acclimatization and surgical procedure except 
that the adrenal glands were left in silit after stripping the pedicle and 
dissecting the gland free of the kidney, 

Tw’O groups of ten animals each were adrenaicctomized at a sufficient 
intenml to permit sampling over the later portion of the average survival 
time for adrenalectomized animals in this colony. The series w-ere ar- 
ranged to begin tests on the fourth post-operative day, and to include 
duplicate organ samples from two or more animals over fourth to eighth 
post-operative days inclusive. The respiration rates of the organs of 
the adrenaicctomized animals were compared with the rates for the same 
organs on the same days after operation in the diunmy operation control 
series. 

The technique for the preparation of tissues and the measurement of 
rate of oxygen consumption has been described in previous communica- 
tions (3, 4). The only de%nations from the previous procedure include 
changes in method of preparation of brain cortex and the obtaining of 
ratios of the wet weight of tissues to their dry -weight. In place of free- 
hand cutting of cortical material -with small scissors, we obtained thin 
slices of cortex by pressing a small fiber template down upon the surface 
of the brain and sha-ving off -Ruth a razor blade the cortical tissue which 
wms caused to bulge through the opening in the template. In this way 
it was possible to obtain thin uniform slices of relatively larger area and 
thus restrict trauma to a smaller proportion of the tissue taken for use 
in the Warburg vessels. 

The ratios of the wet weight to the dry -weight of tissues were derived 
from samples of organs taken at the time the slices were prepared for meas- 
urement of oxygen consumption. The organs were prevented from dry- 
ing during sampling by keeping them at room temperature in petri dishes 
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lined with filter paper moistened with Dickens-Greville (5) Ringer’s 
solution. 

The wet Aveight of organ slices was obtained by direct weighing on a 
torsion balance, some slices AA^ere transferred to crucibles and dried to 
constant Aveight and others Avere placed in the respirometer vessels. 

Results. 1. Relative water content. Table 1 presents the ratios of 
the wet AA’eight to the dry AA'eight of the organs studied in the adrenalec- 
tomized animals and the control (dummy operation) animals from the 
fourth to the eighth post-operative day inclusive. 

The ratio becomes larger with time in the organs taken from the adre- 
nalectomized animals. In the case of kidney and skeletal muscle the most 
striking change occum sharply between the fifth and sixth day, AA’^hile in 

TABLE 1 


Wet weighl/dry weight ratios of brain, 7nitscle and kidney 


POST- 

1 

NUMBER OF ANIMALS 

1 ; 

1 BRAIN I 

MUSCLE 

KIDNEY 

DAT 

Controls 

Adrenal- ! 
ectomized 

Control 

Adrennl- 

ectomized 

! 

Control 

Adrennl- 

eotomized 

Control 

Adrennl- 

cctomized 

4 

2 

2 

5.59 

5.13 

4.61 

4.49 

5.09 

4.55 

5 

2 

4 

5.85 

4.81 

4.91 

5.13 

4.45 

5.56 

6 

2 

4 

5.12 

5.23 

4.56 

5.67 

4.82 

5.23 

7 ! 

2 

4 

5.78 

5.56 

4.83 

5.18 

5.05 

5.32 

8 

2 

2 

1 

5.05 

5.97 

4.67 

5.46 

4.97 

5.66 

Mean 

5.48 

5.34 

4.72 

5.19 

4.88 

5.26 

Standard error 

±0.17 

±0.20 





P 

0.5000-1-* 

0.0170 

0.1276 


* Greater than 0.5000. 


brain the change appeals to be someAvhat more gradual. The control 
animals shoAV no significant change in the ratio throughout the time 
period. The mean of the ratios for brain over the entire period shoAV no 
significant difference betAveen the adrenalectomized animals and the con- 
trols. The difference observed in the muscle taken from the tAvo series 
indicates that there is an increase in total water of this tissue. The same 
comparison for kidney indicates no significant change. It must be re- 
membered that the amount of Avater present in the kidney as glomerular 
filtrate or formed urine is capable of influencing the Avet to dry ratios to a 
marked extent. Adrenalectomized animals shoAV a progressive reduction 
in urine volume, and it folloAVS that one might expect the kidney of an 
animal AAuth intact adrenal glands to contain a relatively larger propor- 
tion of Avater present as glomerular filtrate or as urine than the kidney of 
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an adrenal ectonii zed animal. If the factor of urinaiy water content \Yere 
equalized in the adrenalcctomizcd and tlie control animals the ratios might 
then differ more widely in such a way that the difference would indicate 
a much larger proportion of tissiu^ water in the kidney of the adrenalec- 
tomized animal. In the absence of .such correction the difference obseiaed 
may be deceptively low. 

2. Organ respiration on wci-wcighl basis, a. Brain. The data presented 
in table 2 indicate that the rc-spiratoiy rates of brain .slices from the two 
group.s are not significantly different. No tendenej’’ of the respiratory 
rate to decline noth time in any given period of measurement was 
observed. 

b. Skeletal 7nuscle. It was found that the respiratoiy rate of skeletal 
muscle did not differ in the control and experimental animals until the 
seventh and eighth days after operation, at which time muscle from e.x- 
perimental animals showed a somew'hat lower rate of oxygen consiunption 
than corresponding muscles from the controls. The difference between 
the means for the entire period ynelds a P value of 0.3232 which is clearly 
not significant (7). 

An analysis of the same results was made so as to separate the initial 
three days of the post-operative period studied from the last two days. 
In spite of the absence of a sufficient depression of respiration to account 
for a significant difference between the mean rates over the entire inter- 
val studied, it is demonstrated that the fall in respiratory rate of muscle 
during the last two days (P = 0.0098) is sufficient to justify the assump- 
tion that the difference is a real one. 

c. Kidney. The difference in respiratoiy rate betiveen kidney slices 
from control and adrenalectomized animals is more striking than in the 
case of muscle. Following the fifth day after operation the rate of kidney 
respiration is reduced by more than fifty per cent as compared nith the 
controls. The magnitude of this decline during the last three days of the 
period is sufficient to account for a significant difference (P = 0.0590) in 
the mean rates over the entire five days studied. 

Separate comparison of the first tivo and the last three days after opera- 
tion reveals no difference during the fourth and fifth days, but the com- 
parison of the latter portion yielded a P value of 0.0056, or about six 
chances in a thousand of such a difference’s being encountered through 
erroi-s of sampling. 

3. Organ respiration on dry-weight basis. The increase in the ratio of 
the wet weight to the dry weight seen in the organs of adrenalectomized 
animals suggests that a part, at least, of the decline in respiratory rate ob- 
senmd when measurements were expressed on the w^et-weight basis might 
be associated -with the increased water content of the tissues. 

When the same values for oxygen consumption are expressed on a dry- 
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weight basis^ it is noted that the differences observed on the wet-weight 
basis have almost entirely disappeared. The only statistically signifi- 
cant difference (fewer than five chances in one hundred) is seen in the com- 
parison of the respiratory rate of kidney during the last two days of the 
period. If the ratios of Avet Aveight to dry Aveight for kidney tissue did 


TABLE 2a 

*Qoi on wet-weight basis 



CONTROUB 

ADRENALECTOMIZED 

DAT 

Number 

of 

animals 

Brain 

JIusclo 

Kidney 

Number 

of 

animals 

Brain 

Muscle 

Kidney 

4 

2 



3.86 

2 

2.00 

0.50 

3.73 

5 

2 



3.27 

4 

1.80 

0.57 

3.50 

6 

2 


0.43 

3.49 

4 

1.85 

0.56 

2.71 

7 

2 


0.54 

4.11 

4 

1.85 

0.40 

2.21 

8 ! 

2 

1.78 

0.55 

3.60 

2 

1.78 

0.37 

2.30 

Mean 


1.81 

0.53 

3.66 


1.86 

0.48 

2.89 






S.E. X 


±0.061 




±0.038 




QOi - cu. cm. Oj/gm./hr. 


TABLE 2b 

Qos on dry -weight basis 


POST-OPERATIVE 

DAT 

CONTROLS 

'ADRENALECTOMIZED 

Number 

of 

animals 

Brain 

Muscle 

Biidney 

Number 

of 

animals 

Brain 

Muscle 

Kidney 

4 

2 

10.1 

2.7 

19.6 

2 

11.0 

2.4 


5 

2 

10.0 

2.6 

14.5 

4 

9.2 

2.6 


6 

2 

8.8 

2.0 

15.1 

4 

8.9 

2.9 


7 

2 

11.8 

2.6 

20.7 

4 

9.7 

2.3 


8 

2 

9.0 

2.5 

17.9 

2 

9.9 

1.9 


Mean 

■■■ 

9.9 

2.5 

17.6 

jmiii 

9.7 

2.4 

14.5 









S.E. X 

H 



±1.22 

iHi 





not suffer from the error introduced by the difference in urinary Avater the 
values should yield an even smaller difference. 

It is interesting to note that in brain, in Avhich no difference in relative 
Avater content AA^as noted, there appears no “decrease” of respiration Avhen 
the oxygen consumption is expressed on the Avet-AA^eight basis or the dry- 
Aveight basis over the entire period of insufficiency studied. This observa- 
tion is in substantial agreement with Tipton’s recent report (8). 
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Dibctjssion, The decline of basal metabolic rate, expressed on a cal- 
culated surface area basis, of adrcnalectomized animals begins usually 
a little more than half way through the sundval period of iasufficiency 
(1) and falls from 20 per cent to 50 per cent below the pre-operative value. 

The obsenmd lowering of respiration in both kidney and muscle calcu- 
lated on the wet-weight basis is in rough agreement with the magnitude 
of the change reported for the intact animal and is not strikingly different 
in its time couree. However, when the in vitro respiration is calculated 
on the basis of dry weight, the magnitude of the difference between the 
experimental group and the controls becomes insignificant with the ex- 
ception of that of kidney, in which the obsen^d difference would be 
encountered only three times in one hundred in random sampling of a 
series in which no real difference existed. 

This obsen’’ation indicates a, that the lowered basal consumption seen 
in adrcnalectomized animals is not entircb'^ the result of failure of minimal 
functional activity, and h, that the altered water distribution can account 
for the change obsened in the m vitro respiration of brain and muscle, 
and in part for the change in respiration of kidney when the results are 
expressed on the wet-weight basis. 

The prime importance of relative water content in determining the di- 
rection of change in respiration described is entirely consistent with the 
cellular hydration reported in adrenal insufficiency (9, 10, 11) and in simi- 
lar electrolyte imbalances induced by intraperitoneal injections of glucose 
(12), or direct alterations of the .sodium and chloride concentration of the 
extracellular fluid (13). 

Under the conditions of these experiments, the influence of secondarj' 
factom, consequent upon water and electrolyte changes is markedly 
reduced. After the transfer of the organ slices to Dickens-Greville King- 
er’s solution, a large portion of the water weighed out with the sample 
becomes metabolically ineffective in vitro because it is no longer in the Cell- 

Field, Belding and Martin (4) in discussing the absence of significant 
difference between variability of Qo, on wet and dry bases state “an im- 
portant theoretical consequence is that tissue water content is related as 
closely, in a statistical sense, to the factors determining Qo. as is the mis- 
cellaneous aggregate of substances making up dry weight.” The findings 
in the present experiment emphasize the validity of this claim. It is only 
required to point out the necessity of restricting the use of the wet-weight 
basis to situation in which there is no possibility of a shift of water into 
the tissues and further, the desirability of employing a medium in the 
in vitro situation which will imitate as closely as possible the environment 
of the cells in vivo. 

The decrease in rate of respiration of kidney tissue Avhich was demon- 
strated on both the wet and diy weight bases is interesting in connection 
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with the important r6Ie played by this organ in the secondary changes of 
adrenal iasufficiency. Since the respiratory rate of kidney is the highest 
per unit weight of any tissue in the body it is not remarkable that inter- 
ference with oxidative metabolism through a defect in phosphorylation 
(15) or in other ways (6) would be manifested first and most profoundly 
in the kidney. In tissues having a slower respiration the result of inter- 
ference with metabolism in the same way may be so small in magnitude 
as to be obscured by the consequences of the changes in electrolyte pattern 
induced. It may be suggested that the only way clearly to demonstrate 
the direct effect of lack of adrenal cortical hormone on the metabolism 
of tissues other than the kidney would be to protect them from intercur- 
reut injuiy and secondary influences until sufficient time has elapsed for 
the specific deficiency to be manifested. 

SUMMARY 

1. The in vitro respiratoiy rates and the ratios of wet to dry weight of 
skeletal muscle, kidney, and brain from adrenalectomized rats and control 
animals subjected to a dummy operation of equal severity have been com- 
pared over the period from the fourth through the eighth day following 
operation. 

2. Increases in water were found in muscle from adrenalectomized 
animals. The changes in the kidney are variable and those in brain insig- 
nificant. 

3. The decrease in respiratory rate expressed on a wet-weight basis 
which was noted in kidney after the fifth day following adrenalectomy 
persisted but was found to be smaller in magnitude when the same rates 
were expressed per gram dry tissue. The differences observed in muscle 
respiratory rate disappeared when the rates were calculated on the dry- 
weight basis. 

4. The respiration of brain does not change significantly. 

5. It is suggested that: 

a. The significant reduction of rate of respiration, based on the dry 
weight, of kidney from adrenalectomized animals may be causally 
related to the high rate of respiration of this organ. 

h. The use of the wet weight as a basis for expressing results of in vitro 
studies of organ metabolism should be restricted to situations where there 
is no possibility of a shift of water from one “compartment” of the tissues 
to another. 

c. A clear demonstration of the direct effect of absence of the adrenal 
cortical hormone on the metabolism of tissues other than the kidney is 
possible only under conditions which protect those tissues from intercur- 
rent injurj’- and secondary effects of deficiency until sufficient time has 
elapsed for the specific deficiency to be manifested. 
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In the cephalopod eye, containing only sensory cells, the electroretino- 
gram (ERG) has been found to consist of a single sustained potential 
(Beck, 1899; Piper, 1904; Frohlich, 1913). Briicke and Garten (1907) 
and Piper (1911), considering the inversion of the vertebrate retina, 
identified this monophasic action potential on an electrical basis with 
the “positive” action potential (i.e., the b-wave or component PII; Granit, 
1933) of the vertebrate eye. The analogy thus would require PII to be 
localized to the receptorial layer of the vertebrate retina, a suggestion 
already made by Kiihne and Steiner (1881). However, in view of the 
complex structure of the vertebrate eye, an attempt to identify components 
of the vertebrate ERG with the receptorial action potential of the ceph- 
alopod eye should be made not only on an electrical basis (cf. Therman, 
1938; Granit and Therman, 1938) but at the same time also by a compari- 
son of the effects of different biological agents. 

Besides a general investigation of the nature of the squid ERG, the 
present paper deals with a study of the effects of glucose, potassium, 
atropine and adrenaline, as well as oxygen, on the ERG of the cephalopod 
eye {Loligo pealii). 

It is worthy of mention that earlier electrophysiological work on the 
cephalopod eye has been done chiefly on Eledone moschata, and Frohlich 
(1913) reports that he did not find the eye of Loligo as useful as that of 
Eledone. However, the anatomical structure of the eye in both species 
is essentially the same (Grenacher, 1886; cf. also Hess, 1905; Hanstrom, 
1928). 

Method. The squids were kept in running sea-water in a dimly illu- 
minated basin. A number of experiments were also carried out on 
squids kept in light or in complete darloiess. A 200-W electric bulb was 
used as a source for the stimulating light, which passed through a con- 
denser lens and a water-filter. The strongest intensity used (I/l) was 300 
Lux. By means of Wratten neutral-tint filters the intensity could be 

* Fellow of the Rockefeller Foundation and Research Fellow in Physiology, 
Harvard Medical School. 
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varied l^etween I/l and 1/10,000. The light wa.s’ throwTi into the whole 
eye by a mirror above the eye-holder. The time and length of exposure 
was controlled by a photographic slmtter. The length of the exposure in 
routine experiments w'as 0.25 to 0.5 sec. and the intorv^al between each 
stimulation 2 to 5 min. 

As several electrodes were placed at the same time on the eye, it was 
found convenient to use plain chlorided silver 'svires. Photo-electric 
effects were constantly Avatched for and were kept below 10 

The recording equipment consistod of two condenser-coupled amplifiers 
in connection with a two-channel ink-writer, thus enabling simultaneous 
records to be taken from two different points. The time constant used 
(halfway down in 0,7 sec.) was long enough to reveal the essential features 
of the ERG of short exposures. However, it did not permit obseiamtions 
of a slow^ process like the PI component (c-wave) in the vertebrate eye. 
The frequency characteristic of the recording system should be considered 
as also limiting the possibilities of recording action potentials of a duration 
comparable to axon spikes. 

Results. The electrical activity of more than 80 eyes from different 
squids {Loligo pealii) has been studied. For a general schematic view 
of the electrode placements as -well as the relative size and polarity of 
the responses see figure 1 and legend. 

On the w'hole no pronounced electrical activity could be revealed by 
any combination of electrodes Es, Ea, E^ and Ec. A small positive action 
potential was often recorded at E 3 . Its size fluctuated ^vith the size of the 
positive deflection recorded wdth Ez (see below) and was also dependent on 
the distance to the fundus of the eye, being smaller the longer the distance. 
Records taken with E 5 connected to Eg gave in a few* cases a faint sustained 
negative potential. In one single case it remained for more than one 
hour and was of the order of 10 to 40 fiV (see fig. 4), wdiile in the other 
cases it soon disappeared. This rare occurrence of a w’^eak electrical 
activity in the ganglion or its optic ner\m is in sharp contrast to the bigger 
and easily obtained potentials from the eye-ball. 

The ERG. It Avas soon found that in the case of a dark-adapted animal 
the w’eak light (red or wdiite) necessary for a successful enucleation wns 
strong enough to depress the size of the action potential. The subsequent 
enhancement is comparable to the effect of the regeneration of visual purple 
on the ERG of the frog’s retina. This resemblance is also emphasized by 
the occurrence of a red color in the squid retina after being kept in darkness 
for one-half to one hour. It is found that the enhancement of the po- 
tential is facilitated when the eye is opened (cf. Granit and Munsterhjelm, 
1937). 

Provided that moderate intensities are used, a monophasic, sustained, 
positive action potential is recorded when one electrode, E, is placed on 
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the surface of an intact eye and the second electrode, Eg, as reference 
point, on the ganglion (cf. fig. 1, A). The shape and size of the action 
potential does not depend on whether the second lead is on the ganglion 
or Nervus opticus, nor mil an appreciable change occur when the Nervuli 
opiici are crashed. The size of the potential, however, is largely de- 


A B 



Fig. 1. Schematic view of the electrode placement in an intact (A) and an opened 
(B) eye as well as corresponding records obtained with indicated electrode combina- 
tions. Of these electrodes (corresponding to A) all but Ei and Es were surface 
electrodes. Ei and Eg consisted of thin chlorided silver wires insulated to their tip 
and were inserted into the tissue. Upward deflection indicates negativity at the 
low-numbered electrode. The intensity of the stimulus in group Ia and IVb was 
I/lOO, in group IIb I/IO. Time of exposures, 0.25 sec. 

Group III contains records representing observations of “atypical” action po- 
tentials assembled from different experiments. For their relationship to the regu- 
larly obtained deflections reproduced in the groups Ia, Ha and IVb see text. 

pendent on the placement of the eye-electrode. The biggest response 
is often obtained from the scleral part, the smallest, from the lens. 

If strong intensities are used (e.g., I/IO; cf. fig. 1, Ha, E — Eg) and the 
eye has been kept in darkness for some time, the positive action potential 
recorded is not smooth. At both “on” and “off” there are indications 
of an interfering action potential of opposite electrical sign. However, 
these irregularities are more commonly seen if the eye has been damaged 
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in some way. In fact, pure negative action potentiats may be obiainod 
if the “active” electrode is in contact with the ocular fluid (see fig. 1, A, 
El — Ea; III, E — Et). These results indicating the presence of two 
action potentials of opposite sign Mith regard to a common reference point 
on the optic ganglion were confirmed and more clearly brought out by 
using opened eyes (fig. 1, B). With regard to the reference electrode, Ee, 
the electrode on the receptnrial layer, Ei, revealed a negative action po- 
tential while E^ at approximately the same time became po-sitive. The 
relative size of these two action potentials may be changed by certain 
factors such as state of adaptation, strength of stimulation, effect of dnigs, 
or impaired condition of the eye. 

In light-adapted eyes the negative action potential (at Ei) is iisually 
lacking and only a positive action potential of moderate size may be 
recorded from the outer surface of the eye, E^, or from the exposed periph- 
eral side of the retina. However, if the eye is kept in darkness a negative 
action potential at Ei gradually appears. At the same time the positive 
action potential increases also. This gradual increase of both action 
potentials continues during the next 30 to 60 min. but follows different 
cun'es (fig. 2). Again, long exposures or frequent stimulation exhaust 
more rapidly the negative action potential than the positive one. At 
the end of the enhancement of the action potentials, the records obtained 
with strong intensities and an electrode inside the eye, Ei, usually show a 
positive deflection preceding the negative action potential (fig. 1, Ha! 
El — Eo). This positive deflection may peraist as a monophasic positive 
action potential irrespective of the disappearance of the negative action 
potential and show the same characteristics as the positive action potential 
recorded at Ez. However, the size of such positive deflections recorded 
at El are ahvays much smaller than the corresponding potential at Ez. 
A similar “spread” of the negative action potential is indicated by the 
above mentioned irregularities at “on” and “off” of the positive surface 
potential, Ez. The positive action potential, En, has never been seen 
preceded by a negative deflection. 

The positive action potential responds with deflections of greater differ- 
ences in size within a certain range of intensities than the negative one. 
The following figures w'ere obtained simultaneously for the negative 
and positive deflections from the same eye stimulated with twm different 
intensities; I/lOO: pos. 20 /xV, neg. 20 /jY; I/IO: pos. 70 fiY, neg. 45 ii\’- 
The positive action potential thus was increased 3.5 times, wliile the 
negative was increased only 2 times. 

If the electrical activity of the retina is recorded betw^een the electrodes 
El and Ez, instead of using a common reference electrode, E^i a smooth 
action potential is obtained. Its polarity always indicates negativity at 
the end of the receptors (i.e., Memhrana limitans) and positivity at the 
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liase (jfig. 1, IVb, — Ez). The size of this deflection is always bigger 
than the “individually” recorded potentials (IVb) and may be even bigger 
than their sum. 

Effect of chemical agents. The effect of different chemical agents empha- 
sizes the relative differences between the negative and positive action 
potentials. Such differences occur both vuth respect to the time of onset 
as well as to the degree of the effects. 


aV. 



Fig. 2. Eye previously light-adapted. The curves show subsequent increase of 
the negative (dots) and positive (crosses) action potentials. Glucose was given at 
the moment indicated by arrow. For comparison a curve is drawn of a “normally” 
increasing negative action potential (circles) obtained from another animal. Note 
correspondence in the starting and end points of the two curves (dots and circles). 

Glucose (isotonic with sea-water) enhances both the negative and the 
positive deflections but the maximal effect occurs at different times and 
to a different extent, as is seen in figures 2 and 3. Both potentials may 
maintain their final size for several houm. A second drop of glucose is 
without any appreciable effect. With regard to the negative action po- 
tential the glucose effect is most striking in a previously light-adapted eye 
which has been kept in darkness without showing any significant increase 
of this potential. This is shown in figure 2, Avhere the regeneration of the 
positive (crosses) and negative (dots) action potential is seen before and 
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after a glucose treatment. For comparison a regeneration cun'c (circles) 
of the negative action potential in another eye under optimal conditions 
(\Yithout glucose) is drawn in the same diagram. 

If a light-adapted eye is filled with glucose Imraediatel}' after the enuclea- 
tion, a smooth increase of both positive and negative action potentials 
is obtained. The rate of increa.se as well as the final size of the deflections 
is directly comparable wdth that obtained in the best experiments without 
a previous treatment with glucose. 


aV 



Fig. 3. The effects on the negative (dots) and the positive (crosses) action poten- 
tials by successive treatments of a previously light-adapted eye with oxj'gen (at j 1), 
glucose (at B) and adrenaline (at C). 

In another series of experiments, a contmuous stream of pure oxygen 
was led directly into the dark-box and the favorable effect obtained re- 
sembles that of glucose. However, in most of the cases the positive action 
potential is affected far more than the negative whereas the opposite is 
true for the glucose effect. A subsequent treatment wth glucose is thus 
usually effective in increasing the negative action potential. 

The solvent for the different potassium concentrations, ranging between 
0.01 and 10 per cent, has been mostly glucose. After the subsidence of 
the glucose effect a potassium-glucose solution was added. Generally 
both the negative and the positive action potentials show a great resistance 
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to treatments with potassium solutions. Concentrations below 0.5 per 
cent were hardly effective at all. Clearer effects were obtained only with 
stronger potassium solutions. A facilitation of both the positive and 
negative action potentials (particularly the positive) may be obtained 
with 0.5 to 2 per cent potassium solutions (fig. 4). With still stronger 
potassium solutions (2 to 10 per cent) a decrease of both action potentials 

aN 
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50 60 70 80 130 MIN. 

Fig. 4. The effect of potassium on the retinal action currents and the ganglionic 
action potential. Negative action potential (electrodes Ei — E^, fig. 1; IVb) = 
dots; positive action potential (I ?2 — E^) = crosses; ganglionic action potential 
(2?6 — Eg, group III) = circles. The eye, previously treated with glucose, was 
filled with a 1 per cent KCl solution (dissolved in glucose) at the moment indicated 
by arrow. The size of the ganglionic action potential corresponds to the inside scale. 

is generally observed, but, while the negative deflection declines more 
and disappears from the record, the positive one, though decreased, still 
may remain. 

The effect of adrenaline (dissolved in glucose) consisted of a slow de- 
pression of both action potentials, as seen in figure 3. This depressant 
action does not affect appreciably the shape of the deflections. 

The effect of atropine (1 per cent dissolved in glucose) resembles the 
effect of adrenaline. A marked facilitating effect of atropine on either 
action potential has not been observed. 
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Discussion. The reason tlmt a ganglion action potential has been 
.so rarely .seen, as well as its early dLsappcarancc compared wth the re- 
sistant action potentials of the eye, may be found in structural and func- 
tional differences between rcceptois and ganglion cells, the latter being 
more susceptible to removal from the natural environment. The small 
})Ositivc action potential sometimes recorded from the Ncrvuli oplici is 
ob\dously due to an elect rotonic spread (cf, Ecclcs, 1935) of the main 
action potential originated in the retina. 

Considering the fact that during illumination two action potentials of 
ojiposite electrical sign (with regard to a reference point) can be recorded 
from opposite sides of the receptorial layer of the squid’s retina, the ques- 
tion arises whether these potentials actually represent bio-electrical signs 
of two different processes, or ivhether the difference in polarity is merely 
due to the electrical pathwa 3 's involved and we thus are recording one 
and the same process. On account of general obsenmtions on the effect 
of a proceeding dark-adaptation and intensity-A’ariation it can be tenta- 
tivelj’' concluded that the two action potentials are two different processes. 
This suggestion is supported bj’- the differential effects of glucose, oxygen, 
potassium, adrenaline and atropine. If the two action potentials were 
due to a common process and thus merely signs of a “dipole” electrical 
system it would be reasonable to expect a closer agreement in their mutual 
variations. Furthermore, the presence of two retinal action potentials 
in the squid eye may easily'" explain the old differences in opinion about 
the polarity of the cephalopod ERG (cf. Beck, 1899; Piper, 1904). 

From the electrical point of view, it may be emphasized that the po- 
tential distribution found (positivity at the base and negatmty at the 
end of the receptoi’s) never is complete^ reversed, and that the two action 
potentials add and give a maximal smooth ERG if the electrodes are 
on opposite sides of the retina. The fact that a small negative deflection 
majf, in the absence of the positive action potential, be recorded from 
the outside of the eye, — or mce versa a small positive deflection maj^, m 
the absence of a negative action potential, be recorded from the inside 
of the eye (cf. fig. 1, III) — seems also to indicate that the two action po- 
tentials are due to different processes. With regard to the placement of 
the electrodes with a common reference electrode on the ganglion, the 
positive action potential should be expected to counteract the recording 
of the negative action potential. The “true” size of the negative action 
current can be approached only by subtracting the positive deflection 
from the combined electrical aethdty obtained in an electrode combma- 
tion of El — E 2 (fig. 1, I^^b)- According to this ’vdew a main inereap 
of the positive action potential should also be revealed as a decrease in 
the recorded negative deflection (pro\dded that the actual size of the lattei 
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IS unchanged). Such opposite changes are commonly seen and demon- 
strated in figures 2 and 3. It is also interesting to note that the positive 
deflection seems to be generated faster than the negative as is indicated 
by the appearance of a positive “notch” preceding the negative action 
potential (cf. fig. 1, Ex — E^. A similar positive “notch” preceding 
the main retinal action potential of Eledone 7nmchata has been reported 
by Frohlich (1913). 

In his elaborate study of the histology of the cephalopod retina, 
Grenacher (1886) has pointed out that the cephalopod retina possesses 
only rods and that the picture reveals essentially the same details as are 
found in rods of amphibians and mammals. Three parts of the rod are 
distinguishable: the outer and inner segments and the nuclear part. It 
is generally believed that these parts are structural differences vdthin 
a single cell (cf. Detwiler, 1938), although a different opinion exists (cf. 
Moroff, 1922). The inner segments have been assumed by Kiihne and 
Steiner (1880) to possess electrical activity during illumination, whereas 
Garten (1907) in this respect emphasized the importance of the outer 
segments. However, at that period the suggestion referred only to the 
6-wave (PII) of the frog’s ERG. 

In general the various agents used in this investigation affect both 
action potentials of the squid eye in the same direction. Neither agent 
has been shown to elicit a clear enhancement of one action potential while 
the other is being depressed. In the frog eye weak concentrations of a 
potassium solution are sufficient to depress or remove the PII component 
while PHI even by stronger solutions is unaltered or slightly increased 
(Therman, 1938). In the squid eye both the negative and positive action 
• potentials are strikingly resistant to a treatment with potassium and 
may even show an increase in size. The specific effects of adrenaline and 
atropine on the PII component of the frog ERG (Therman, 1938) have 
not been observed in the squid eye. These results inevitably suggest an 
identification of both the negative and the positive action potential of 
the squid eye with the PHI component of the frog eye. Irrespective of 
the close resemblance in shape of the combined action potentials of the 
squid eye {Ex — Ez, fig. 1, IVb) and the PHI component in the vertebrate 
eye, it remains to be seen whether PHI also involves two electrophysi- 
ological processes. 

Electrophysiologically PHI is the first response to be seen in a vertebrate 
eye at the moment of light-stimulation, but, also, ontogenetically this 
component is the first to occur in a developing rat’s retina (Keeler ei al., 
1928). This elementary character of the PHI component is emphasized 
by the identification of PHI vdth the receptorial action potentials of 
the squid eye. 
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SUMMARY 

The electrical response of the squid eye {Loligo pealii) to illumination 
has been recorded from different parts of the eye-bulb and ganglion by 
means of two condenser coupled amplifiers connected to a two-channel 
ink-Avriter. 

A faint, subsiding action potential has been recorded occasionally 
from the optic ganglion. 

Two monophasic, sustained action potentials of opposite electrical sign 
(with respect to a common reference electrode on the optic nerve) have 
been recorded from the retina. A negative deflection is recorded from 
the end part and a positive from the basal part of the receptors. In 
bipolar recording with electrodes on opposite sides of the retina the po- 
tential obtained is appro.ximately the sum of the two action currents and 
the polarity indicates negativity at the end and positivity at the base 
of the receptors. 

The two action potentials are in general affected by a progressive dark- 
adaptation, o.xygen, glucose, potassium, adrenaline and atropine in the 
same direction but to a different degree and at different times. Both 
the negative and the positive action currents (and thus their combined 
electrical activity) resemble in shape and reaction the PHI component 
of the vertebrate eye. 

The electrical recording system, designed by Mr. A. M. Grass, was kindly 
put at my disposal by the department of Physiology of the Harvard 
Medical School, for wliich I am greatly indebted to Dr, Hallowell Davis. 
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The determination of the glucose consumption rate of the extra hepatic 
tissues of the depancreatized animal is of first importance in solving the 
problem of diabetes. Such a determination also throws light on the 
question of conversion of fat to carbohydrate in this disease. One must 
remove the liver to carry out a glucose balance in any animal since this 
organ at all times is adding an indeterminate amount of sugar to the blood. 
Removal of the gastro-intestinal tract is also necessar 3 ’- if the animal has 
been recently fed since then absorption of glucose from the tract is a com- 
plicating factor. 

The principle of the method is simple. Diabetes is produced by pan- 
createctomj’- and some time later the liver is removed and one determines 
the rate at which glucose must be injected intravenously to maintain the 
blood sugar constant at the preoperative level. The amount of sugar 
excreted by the kidneys during the determination must be subtracted 
from the amount injected to give the net injection rate. One infers then 
that the tissues are removing the glucose from the blood stream at this 
net rate and one assumes that the tissues had been behaving in the same 
way prior to the operative removal of the liver. 

Mann and Magath (3) showed that the blood sugar of the diabetic dog 
fell after hepatectomy, but did not measure the glucose utilization rate. 
Yater et al. (4) made such a quantitative study. Thej’’ injected glucose 
at a rate sufficient to maintain the blood sugar constant and found that 
the normal hepatectomized dog used glucose at the rate of 250 mgm. per 
kilo per hour and the hepatectomized diabetic dog at 190 mgm. per kilo 
per hour. There are definite objections to the conditions of their ex- 
periments. The kidne 3 ’^s were removed; this has been shown to increase 
glucose disappearance (1). No mention is made as to whether the animals 
were fasted or not; this too has a bearing on the results (5), Furthermore 
these authors state as does Mann (6) that the depancreatized dog does 
badly after hepatectomy and rapidly becomes moribund. An 3 ’-one familar 
with glucose utilization determinations in hepatectomized animals is 
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aware of tlie marked cfTect that poor general condition may liavc on the 
rate of gluco.se di.sa])pcarance, usually increasing it. In the final break- 
down of the animal, commonlj' referred to as "the second stage after 
hepatectomy”, the glucose requirement i.s markedly increased (7). If the 
diabetic condition causes the onset of the second stage to come on pre- 
maturely in dogs, this would tend to cause a high glucose requirement. 
Besides this, we have observTd that the development of any symptoms 
indicating that the physiological processes of the bodj^ are not altogether 
normal is often accompanied by an increase in gluco.se need. This is 
illustrated by the results in a group of hepatcctomized and eviscerated 
rabbits which we had eliminated from other serie.s and not reported, 



because the condition of the animals was unsatisfactory and not in keeping 
with the requirements which we have stipulated for such experimente (5). 
For these animals the note “head drooping" (indicating weakne.ss or poor 
righting reflexe.s) was put into the record bj’’ the observer without his 
having had any regard to the glucose utilization rate at the time. la 
figure 1 are depicted the results in these animals shoving the increase m 
glucose utilization which develojis after a few hours. Tlie arrows indicate 
the time when the note was made regarding the condition of the animal 
(head drooping). It is quite obvious that the glucose utilization increases 
as the condition of the animal becomes worse. These results are to be 
compared vith those of hepatectomized, and of eviscerated rabbits that 
remain in good shape and that have practically a constant utilization 
throughout (1, 8). 
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It appeared to us that much of the trouble experienced by previous 
workers resulted from their use of dogs. We decided to substitute rabbits 
for this work. This animal becomes diabetic after pancreatectomj^ (9), 
and one is able to study such animals after evisceration, i.e., removal of 
the liver and intestinal tract. They withstand this procedure remarkably 
well. They make good recovery from operation, sit up normally, the 
kidnej's excrete urine and thej’^ survive for many hours, and so satisfy the 
requirements which we have demanded in this laboratory’- for the glucose 
utilization rate determination after hepatectomy or evisceration. 

Method. Pancreatectomy was performed by the method of Greeley 
(9) and at this time a silk ligature Avas placed around the inferior vena cava 
just above the right renal vein ivhich constricted this vein to approximately 
1 .8 mm. This Avas done as a necessary preliminary^ preparation for eviscer- 
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ation (8). About tAvo Aveeks later the remaining pancreas in the duodenal 
loop Avas removed. Complete eAusceration, except for the urogenital 
sy’^stem, Avas performed from 3 to 22 days after pancreatectomyL 

As shoAA’^n in table 1 some animals were fed up to the time of the eviscera- 
tion and others Avere fasted for two or three days. EAUsceration Avas 
done under ether anesthesia, the bladder Avashed and a catheter left in 
place in order to measure the glucose excreted during anyi- giAnn period. 
The blood sugar found immediate^ before cAusceration Avas maintained 
after evisceration by-- the intermittent intravenous injection of glucose 
every thirty’^ or sixty'- minutes. Glucose utilization Avas determined by 
subtracting the amount of sugar lost in the urine from the glucose ad- 
ministered intraAnnously’- to maintain the constant blood sugar level. 
Oxygen consumption Avas determined by connecting the tracheal cannula, 
Avhich had been inserted at the time of evisceration, to a closed circuit 
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which contained a soda lime cartridge for the removal of CO 2 , and a pump 
to insure circulation of air, and a small Krogh spirometer to register the 
oxygen used. The temperature of the animal was maintained during 
evisceration by an ordinary electric heating pad. Kidnej’’ function was 
tested by the intravenous injection of 1 cc. of 0.1 per cent phenol red as 
previou.sly described (5). Eleven animals were carried out in this way. 

Results. Any animals that did not appear absolutcl}' normal after 
operation or did not have functioning kidneys w’ero eliminated. The 
rc.sults are given in table 1 for animals that satisfied all requirements and 
in whom the glucose utilization rate was constant during the period of 
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detennination. There was a group of animals that satisfied the require- 
ments above but in which the rate of glucose utilization increased pro- 
gressively the longer the determination w'as carried. We have noted this 
tjqre of behavior before in eviscerated rabbits (5) although it is not uimal. 
Ordinarily the rate docs not change significantly. These animals are given 
separately (table 2) as it appears to us that it would be a mistake to report 
the average figure for the glucose utilization rate wdien this has changed 
during the run. For these animals therefore we give both the rate for the 
first 3 hours of the run and that for the later period when it w'as much 
higher. It seems most likely that some unknown factor begins to operate 
as time goes on in these animals to increase their rates and that the rate 
found soon after operation is closest to the glucose utilization of the tissues 
before operation. 
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Discussion. We have not made muscle glycogen determinations in 
order to correct our utilization rates for the changes that might occur in 
muscle glycogen, as is done by Soskin and Levine (10) . In hepatectomized 
animals the muscle gtycogen practically always stays level or goes down. 
In doing glucose balance studies, if there is a rise in muscle glycogen it 
is proper that one should correct for the increase since it would probablj’" 
have come from glucose. But it does not follow that one must make a 
similar correction for a drop in. muscle gb’^cogen when the liver is absent, 
for in such preparations there is no way for convemion of muscle glj’-cogen 
to utilizable glucose. When muscle glycogen disappears from such animals 
it does not go to “spare” the glucose that has to be injected to keep the 
blood sugar constant; it seems chiefi 5 ’’ to be changed to lactic acid which 
either accumulates in the body or is burned as such. 

Before anjdhing else we would want to stress the need of caution in 
interpretation of results obtained from hepatectomized diabetic animals. 
Such animals sometimes show large changes in glucose utilization and one 
must guard against making too hasty conclusions from calculations based 
on such results. • Young (11) on the figures from one such animal attempts 
to prove that fat must be changed to carbohydrate. If one wished to 
select certain results in our series one could make similar conclusions. 
The opposite could easily be proven with another selection. 

Our results support the contention that the tissues of the fasting diabetic 
animal use glucose at the same rate as the normal. Indeed the results 
of some of our animals would indicate that the rate is higher in the dia- 
betics, but there is the objection to these animals that their rates were not 
steady after operation, but increased after a time. No animal having 
a steady rate showed a higher rate than normal animals. If we accept the 
view that the rates obtained during the first 3 hours after operation are 
the closest to the rates of sugar utilization by the tissues before operation, 
we obtain an average figure of 138 mgm. per kilo per hour. To supply such 
an amount of glucose to the tissues would not necessitate a conversion of 
fat to glucose. The fasting rabbit excretes about 25 mgm. of nitrogen 
per kilo per hour and if we accept a D:N ratio of 6 (12) this amount of 
glucose could be supplied by the conversion of the protein to glucose. 

We confirm the findings of Mann (6) and of Yater et al. (4) that diabetic 
tissues can and do utilize glucose. In addition we can conclude that quan- 
titatively the tissues of the fasted eviscerated diabetic rabbit utilize glucose 
at the same rate as the normal fasted hepatectomized rabbit which is 
125 mgm. per kilo per hour (13). The simple hepatectomized rabbit has 
his pancreas intact and there is no reason to suppose that it is not func- 
tioning in a normal manner. We may conclude then that the presence or 
absence of the pancreas has no effect on the rate of oxidation of glucose by 
the tissues of the fasting animal. Our results do not bear on the problem 
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of glucose utilization as a source of muscle energy in the normal and diabetic 
states. Muscle activity in our animals was quite low. It might well be 
that there could be a difference in the gluco.se utilization of diabetic.s and 
normal animals after hepatcctomy, if there were a high turnover of muscle 
energy. Such a difference has been .suggested by Yater ct al. (4), based 
on their own findings and tho.se of Cniikshank (14) and of Knowlton and 
Starling (15). In our work we may be only comparing utilization.s of 
“basal” ti.ssues like the brain, heart and re.sting muscle. 

One cannot determine the gluco.se utilization rate of the fed hcpatec- 
tomized rabbit since here there would be an undetermined absorption 
of glucose from the intestine. YHien we compare the fed normal and the 
fed diabetic rabbit after e\dsceration, we find again that quantitatively 
the ti.s.sue \itilization of glucose is the .same. We have found an average 
of 198 mgm. per kilo per hour for the eviscerated fed diabetic rabbit (after 
eliminating rabbit 4 in table 1 on account of the low oxygen utilization). 
Bergman and Drury' have found that the eviscerated fed rabbit u-sed 
glucose at the rate of 206 mgm. per kilo per hour (5). They also showed 
that the increase in rate over fasted eviscerated rabbits (110 mgm. per 
kilo per hour) was not connected with any insulin mechani.sm. However, 
even with this increase the glucose utilization is not enough to take care 
of the entire needs of the body'. We have obtained an average oxygen 
consumption of eviscerated rabbits of 385 cc. per kilo per hour; such an 
amount of oxy^gen could bum 470 mgm. of glucose. If then in the fed 
state, an animal can obtain all his cnergy’^ from the burning of glucose be 
cannot do so entirely' by mechanisms present in the e\’iscerated animal. 
There must be other mechanisms in the “non-eviscerated” or intact animal 
w’hich play a r61e in the burning of glucose. It is possible that the pan- 
creatic frmetion is such a mechani.sm and that in the fed intact animal 
insulin increases the oxidation of sugar and that the difference noted above 
may be taken care of by a burning of glucose mediated by insulin. 

SUMMARY 

Evidence is presented for caution in drawdng too hasty conclusions 
as to the glucose utilization rates of hepatectomized or eviscerated animals; 
particular care must be exercised in case the animal is already diabetic. 

Our results indicate that under basal conditions the glucose utilization 
rate of diabetic tissues is the same as that of normal. 

The amount of glucose needed to keep diabetic eviscerated animals m a 
steady' state accounts for between a sixth and a third of the energy' re- 
quirements of the animals. The same is the case for normals after 
evisceration. 
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In an earlier investigation, Gellhorn in collaboration with Ingraham aud 
Moldavsky (1938-39) and Kraines (1939) showed that in hypoglycemia, 
the blood pressure response to anoxia is markedly increased during the 
hyiDOglycemic state. Similarly it was found (Yesinick and Gellhorn, 1939) 
that anoxia as well as hyi^oglymemia increases the blood pressure response to 
a standardized raised intracranial pressure. Pro\dded that the period of 
anoxia is not too long, anoxia may show a greater blood sugar raising 
effect during hypoglycemia than is observed at normal blood sugar levels 
(Gellhorn and Packer, 1939-40). All these effects could be understood on 
the basis that anoxia as well as hypoglycemia diminishes the rate of oxida- 
tions in the central nervous system. Therefore, the two factors combined 
would have a greater effect than each one separately. The question arose 
as to whether during the state of hypogly'cemia the sympathetic centers 
are in a state of increased excitability which results in increased reactivitj' 
even to other factore which do not influence the metabolism of the brain 
as profoundly as anoxia. For this reason, experiments were performed on 
the interaction of carbon dioxide and hypoglycemia relative to the blood 
pressure in normal anesthetized dogs and in animals with the buffer ner^’^es 
removed. 

Method. The experiments were performed on 14 dogs anesthetized 
with 55 mgm./kgm. sodium amytal intraperitonealIy% Artificial respi- 
ration was instituted, the femoral vein was cannulated and the blood 
pressure was recorded from the carotid artery. In the “denervated 
dogs both vagi were cut and the carotid sinuses were removed bilaterally. 
The success of the complete denervation was tested by the blood pressure 
reaction to gas mixtures low in OJQ^^gen (GeUhom and Lambert). The 
dogs inhaled COa-air mixtures from Douglas bags which varied in con- 
centrations between 5 and 15 per cent for periods of 1 to 2 minutes. In- 
sulin (Lilly)’^ was used and 3 imits/kgm. were given intravenously and the 
same quantity intrarauscularly’^. The blood sugar was determined by the 

^ Aided by a grant from, the John and Mary Markle Foundation. 

* Kindly supplied by Eli Lilly & Co. 
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Somogyi modification of the Shaffor-Hartman method. The protein Ava.s 
precipitated by zinc sulfate and barium hydroxide. 

Results. A typical result (fig. 1) shows that with falling blood sugar, 
the blood pressure rises considerably more in response to carbon dioxide 
than it does at normal blood sugar level, '\^dlen low concentrations (about 
5 per cent) of CO 2 are used, it is frequently seen that at normal blood sugar 
level, the blood pre.ssuro remains unchanged, but shows a considerable 
rise when the blood sugar has fallen to 40 mgm. iier cent or below. AAdien 

t 



Blood su^ar 85.m§.*2i! Blood sugar 37.mg.V^ 

Fig. 1. 4/13/39 Female dog. 8.1 kgm. Sodium amj'tal 5.5 per cent intraperitone- 
ally 1 cc/kilo. .Artificial respiration. The gas mixture is inhaled for 2 minutes 
(between the two arrows). 

2 , 15 per cent CO 2 . Blood sugar 94.S mgm. per cent. Between 2 and 3 , three units 
of insulin per kilo are injected intravenously and three units per kilo intramus- 
cularly. 

3 , 15 per cent CO -. Blood sugar 30.6 mgm. per cent. 

4 , 15 per cent CO.:. Blood sugar 24.6 mgm. per cent. Between 4 find 5, 50 cc. 
10 per cent glucose were injected intravenously. 

5 , 15 per cent CO 2 . Blood sugar 85 mgm. per cent. 

7 , 15 per cent COj. Blood sugar 37 mgm. per cent. 

higher concentrations of CO 2 (15 per cent) are used, the blood pressure 
response at normal sugar level is somewhat variable in different animals. 
Sometimes it is found that the blood pressure shows a moderate fall. In 
other cases (fig. 1) the blood pressure rises after a slight initial fall. Figure 
1 shows that when the blood sugar falls to 30.6 mgm. per cent, the blood 
pressure rises immediately in response to 15 per cent CO 2 and this rise 
is greatly increased when the blood sugar falls to a still lower level (24.6 
mgm. per cent). The reaction is quite reversible as shown by the further 
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course of tlic experiment illustruled in figure L Not infrequently, the 
blood sugar will fall again due to the continued action of insulin after it 
luis temporarily been restored to approximately normal levels by the in- 
jection of glucose. If tliat is the case, the increased rise of blood pre.ssure 
in respon.se to carbon dioxide may occur again. 

A clo.ser .scrutiny of fig(jre J shmv.s (hat whercJis in the control experhnent 
at the beginning (no. 2) the inhalation of CXli. alters the blood pre.s.sure level 
without revealing any (dianges in heart action, tiu; heart action become.s 
irregular and inaiked vagal inilses ai)])ear sis the blood .sugar falls. This 
seems to indicate that hyjioglycemia .sensitizes not only the vasomotor but 
also the cardioinhibitory center to carbon dioxide^ but it is interesting to 
note that in spite of marked vagal stimulation, the total efTect on (ho blood 
pre.ssure is that, of inerea.sed sympathetic and not jiara-syinjiathetic activity. 
Ap]iaren(ly hypoglycemia sensitizes the, jiarasympathetic system to CO 2 
to such a degree that even after restoration of (he blood sugar to 85 nigni. 
per cent vagal jiulses occur in re.sponse to carbon dioxide although the 
.sympathetic e.xcil ability has been restored to a normal level. 

In another series of experiments, the effect of carl)on dioxide inhalation 
on the blood i)re.ssui‘e during hyj)oglycemia was studied in animals in whicli 
the buffer nerves had betui removed. Figuri? 2 .=how.s a tyi)ical example. 
At 1, the dog iidialed 7.1 per cent Oz for 2 minute.s and .showed a fall in 


blood pre.s.sure which is characteristic of the “denervated’' animal (Gellhorn 
and Lambert, 1939). Then nA and 15 per camt CO; were inhaled for 2 
and 1 minutes raspectively. In both cases, the blood jnessuie fell but 
Avith the low concentration of carbon dio.xide, the alteration in blood pres- 
sure was very .slight. When, after injection of insulin, the blood prc.s.rare 
had fallen to 21 ingm. per cent, the lower concentration of carbon dioxide 
caused a very marked rise in blood pre.«sure but even with 1 5 per cent CO 2 a 
rise in blood pi’essure was oijtained. On injection of gluco.se, the reactioas 
wei'o completely reversible. 

The e.xperiments show clearly that under conditions of hypoglycemia, 
the vasomotor center is .sensitized to carbon dioxide in a similar ivay a.s 
has been found preA'iously with regard to anoxia. In the studies on anoxia, 
this .sen.sitizing action referred not to a direct interaction of anoxia and 
hypoglycemia on the vasomotor center, but j-ather to an increased re.S])on.se 
of the vasomotor center to the excitatory impulses originating in the 
chemoreeeptors of the carotid sinus and the arch of the aorta. Since m 
the present experiments, the .sensitization holds true for both the normal 
and the “denervated" animal, it may be said that the vasomotor centei 
itself is sensitized to carbon dioxide by hypoglycemia. The occurrence 
of vagal impulses during the inhalation of CO; in the hypoglycemic animaj 


^ Heymans, Bouckuerf and Sainaan (1933) report that carbon dioxide acts dircctlj 
on the va^al center. 
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indicates tliat not only the sympathetic but also the vagal center is sensi- 
tized to CO2 but it is characteristic that the normal preponderance of the 
sympathetic over the parasympathetic is not only maintained but greatlj^ 
increased in hypoglycemia as the blood pressure response indicates (cf. 
Domm and Gellhorn). As to the fact that a depressor response to high 
concentrations of carbon dioxide is changed into a pressor response in 
hypoglycemia, the following explanation seems probable. The blood 
pressure effect of carbon dioxide is the resultant of its peripheral action on 



Fig. 2. 5/11/39 Male dog. S kgm. Sodium amytal 5.5 per cent intraperitonc- 
allj' 1 cc/kgm. Both carotid sinuses denervated and vagi cut. .\rtificial respira- 
tion ; 15 per cent CO 2 and 5.4 per cent CO 2 are inhaled for 1 and 2 minutes respectivelj' 

1 , 7.1 per cent O 2 for 2 minutes (between the arrows). 

2 , 5.4 per cent CO 2 . Blood sugar 69 mgm. per cent during 2 and 3 . 

3 , 15 per cent CO>. Blood sugar 69 mgm. per cent during 2 and 3 . Between 3 
and 4 , three units of insulin per kilo are injected intravenouslj" and three units per 
kilo intramuscularly. 

7 , 5.4 per cent CO-.-. Blood sugar 21 mgm. per cent during 7 and 8 . 

8 , 15 per cent CO 2 . Blood sugar 21 mgm. per cent during 7 and 8 . 50 cc. 10 
per cent glucose intravenously between 8 and 9 . 

9 , 5.4 CO 2 . Blood sugar 75.5 mgm. per cent during 9 and 10 . 

10 , 15 per cent CO 2 . Blood sugar 75.5 mgm. per cent during 9 and 10 . 

the blood t'essels (vasodilatation) and its stimulation of the vasomotor 
center. If the former is strong enough, a fall in blood pressure may super- 
vene. In such a case the greatb'' increased response of the vasomotor 
center to carbon dioxide which occurs in hjqiogb’^cemia maj" be sufficient 
to counteract the peripheral effects of CO2 and result in a marked pressor 
response. The situation is similar to that observed by Lambert and Gell- 
horn in their studies on the influence of various depths of narcosis on the 
blood pressure effect of carbon dioxide. 
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SUMMARY and conclusions 

Ex])en‘monts aro rcpoi-(cd in which in ancsthei ized noi-mal dogs with and 
witliout bulTcr nerves, tin: blood jiressurc response to various concentra- 
tions of carbon dioxide was determined at \uirions blood sugar levels. It 
wa.s found that the blood ju-e.ssure ri.se to COj increa.^es with falling blood 
.sugar. If, a.s is fretiuently the ca.se when high concentrations (15 per cent) 
of carlion dioxide are used, the ri.-sponse to COo at a normal blood sugar 
level consists in a fall in blood pre.^^siire, this reaction maybe converted into 
a rise when the blood sugar falls below 40 mgm. per cent. The reaction i.s 
com])letely reversible on injection of glucose. 

It is seen not infreciuently that at a low blood sugar level, vagal pul.se.s 
appear in re.spon.se to carbon dioxide indicating that s\'mpathetic and 
])ara.sympathetic centers are sensitized to (;arbon dio.xidc by the hypo- 
glycemic state. However, tin; jiliysiological predominance of the .sm- 
pathetic over the para.sympnthelic i.s not only maintained but increasedin 
hyiroglycemia. 

Addendum. Van Ilarreveld and McKary (Proc. Soc. Exp. Biol. Med., 
43: oGl, 19-10) interjiret our earlier work on the interaction of anoxia and 
In'poglycemia as due to a diminution of the buffer reflexe.s rather than to 
an increased excitability of medullary centcLs. The cxiierimonts described 
in this jiaper which show an increa.sed re.sponse to CO 2 even in the “dener- 
vated” animal clearly disprove this interpretation. Moreover, our inter- 
pretation is supported by Yesinick and Gellhom (this Jouhnal 128: ISo, 
1939) who found that increased intracranial pressure produces a greater 
rise in blood pressure during hypoglycemia than at nonnal blood sugar 
and that this effect pereists in the absence of the buffer nerves. 
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In 1939 McQuarrie and Ziegler published investigations in which the 3 ’' 
studied the effect of prolonged anoxia on the sensitivity of dogs to in- 
sulin convulsions. They observed that whereas dogs not subjected to 
anoxia showed regularlj'’ insulin convulsions, these were absent when the 
animals were subjected to anoxia of varying degrees of severity for sev- 
eral hours. Furthermore, McQuarrie and Ziegler established the im- 
portant fact that convulsions were absent although the blood sugar level 
in the dog subjected to anoxia and h 3 T)oglycemia was lower than in the 
dog treated with insulin alone. The experiments were conducted in a 
similar manner as those by Glickman and Gellhom (1938) the main differ- 
ence being that these authors used rats instead of dogs and produced 
anoxia, not by the inhalation of suitable oty’^gen-nitrogen mixtures, but 
by reducing the barometric pressure. Nevertheless the results were ap- 
parently in contradiction to those observed by McQuarrie and Ziegler 
since in rats subjected to insulin and lowered barometric pressure convul- 
sions occurred earlier and showed a much greater fatality rate than was 
observed in animals subjected to insulin alone. In order to explain this 
apparent discrepancy, experiments were carried out in which the interac- 
tion of anoxia and hypoglycemia involving convulsive insulin concentra- 
tions was studied in two different species. For one, the rabbit was chosen 
because numerous experiments proved that the unanesthetized rabbit 
lends itself particularly well to repeated studies on insulin hypoglycemia 
on account of the constancy of the hypogtycemic reaction. The other 
experiments were carried out in rats in a manner similar to that used in 
the work of Glickman and Gellhorn with the modification that now oxy- 
gen-nitrogen mixtures were employed instead of the low pressure chamber. 
In other words, conditions in the experiments performed on rats and rab- 
bits were practically identical. Therefore, this procedure should allow 
one to decide whether the discrepancy in the results of Glickman and Gell- 
hom and those of McQuarrie and Ziegler is due to species differences 
or to other factors. 

* Aided by a grant from the John and Mary R. Markle Foundation. 
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Methods. All animals were starved for eighteen hours prior to ex- 
periment. Insulin (Eli Lilly & Co.)^ was injected .subcutaneously in 
rabbits (2.5 units/kgm.) and intraperitoneally (10 units/kgm.) in rats. 
Oxygen-nitrogen mixtures containing 7 per cent ox^^gen were made by the 
use of calibrated flow meters. They were administered to the rabbits 
by means of a metal tube which served as a head holder and Avas provided 
on one side with a perforated rubber dam sealing the mouth airtight. 
The gas mixtures were inhaled from Douglas bags through tAvo valves. 
The rats Avere placed in airtight glass bottles, through which the gas 


TABLE 1 


0 


MINUTES AITEn INJECTION OF INSUtlN 


00 


00 


120 


occoubence of contulsionb 


(A) The effect of 2.5 units of insulin per kgm. on the blood sugar of rabbits 


82.7 

30.6 1 

27.8 


At 106 minutes 

81.1 1 

32.2 

30.6 


At 103 minutes 

78.5 

38.7 

30.6 


At 102 minutes 

91.3 

32.2 

27.8 


At 91 minutes 

93.5 

24.1 

22.2 

1 

At 115 minutes 

72.0 

28.5 



At 83 minutes 


(B) The effect of 2.5 units of insulin per kgm. on the blood sugar of rabbits 
subjected to 7 per cent oxygen* 


81.1 1 

29.7 

25.0 

23.2 

None 

78.5 

27.8 

24.1 

26.0 

None 

88.2 1 

33.3 

24.1 

24.1 

None 

80.6 

25.0 

27.8 

29.7 

None 

76.3 

24.1 

25.0 

22.2 

None 

96.8 

39.7 

20.5 

15.3 

None 


* The inhalation of 7 per cent O 2 was begun immediately after the injection of 
insulin and was continued for 2 hours. 


mixture Avas draAvn by suction at a speed several times greater than that 
corresponding to their minute Amlume of respiration. The gas mixtures 
AA'ere administered for two hours immediately after the injection of in- 
.sulin. No anesthetic Avas used. 

Results. Our experiments shoAV, first, that the administration of 
anoxia for tAA'O hours prevented the occurrence of convulsions in rabbits 
subjected to convulsive doses of insulin. Secondly, they .shoAv that in 
spite of this fact, the blood sugar values observed AA'ere even slightly loAA'er 
in the insulin-anoxia experiments than in the insulin controls. The mini- 
mum blood sugar value observed in six anoxia-in.sulin experiments AA'as 

* Kindly supplied by Eli Lilly & Co. 
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23.4 mgm. per cent whereas it was 27.9 mgm, per cent in six control 
experiments carried out without anoxia.® This confirms McQuarrie and 
Ziegler’s work and extends it to the rabbit. 

McQuarrie and Ziegler had observed also that it is possible in dogs to 
prevent insulin convulsions by the inhalation of 15 per cent CO 2 in air, 
whereas convulsions regularly occur when the animal inhaled 15 per cent 
CO 2 in oxygen. This observation implies that when the animal inhaled 
15 per cent CO 2 for a long time, some condition of anoxia evolves. Table 
2 shows ten experiments in which rabbits were subjected to two hours of 
15 per cent CO 2 after 2.5 U insulin per kilo were injected. In eight out 
of ten experiments the respiratory volumes were also determined at vari- 

TABLE 2 


The effect of 2.5 units insulin per kgm. on the blood sugar of rabbits which 
inhaled 15 per cent COt for 2 hours after the injection 


BtiOOD BtrOAR IN MOM. %, MINOTES ATTER 
INJECTION 

BESPIBA-TORT VOLUME (l/MIN.) 
DURING INTERVAL 

CONVtUiSIONS 

0 

eo 

90 

120 

0 

0-30 

GO-90 

90-120 

84.9 

50.5 

24.1 

22.2 i 





None 

78.6 

47.3 

40.8 

38.7 1 





None 

72.0 

41.9 

32.2 

22.2 


0.91 

0.16 


None 

92.5 

35.4 

20.4 

14.8 


3.63 

3.36 

1.31 

None 

93.5 

28.5 

22.2 



1.48 

1.41 

0.68 

None 

82.7 

38.7 

38.7 

1 

1.70 

3.81 

2.00 

1.50 

At 112 min. 

91.3 

28.5 

28.5 

1 31.3 

1.91 

i 1.35 

0.49 

0.28 

None 

136.5* 

60.2 

41.9 

35.4 

i 1.26 

0.24 

0.41 

0.50 

None 

79.5 

27.8 

22.2 

24.1 

I 2.37 

3.20 

1 3.17 

3.24 

None 

83.8 

31.3 

24.1 

25.0 

I 0.99 

3.36 

2.86 

2.19 

None 


* (Struggle 1) 


ous intervals. It is seen that only one out of ten animals showed convul- 
sions. Furthermore, in most of them, although not in all, the blood sugar 
reached convulsive levels. (Compare these values with the blood sugar 
values obtained in the 2.5 U/kgm. insulin control experiments shown in 
table 1.) In four out of eight experiments, it is seen that the respiratory 
volume greatly decreases during the course of the experiment, indicating 
that in these cases a very marked anoxia is produced. This, however, 
does not apply to the other four experiments in which the respiratory 
volume is either not reduced or is even increased. Since in three out of 
four experiments, convulsions are prevented in spite of adequate respira- 
tion, it seems to follow that CO 2 has some independent effect in preventing 
insulin convulsions. This has been confirmed in regard to other con- 

.. ’ Compare also Gellhorn and Packer (1940). 
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vulsive drugs in cats in experiments wldeli will be reported elsewhere 
(y&sinick and Gellhom). 

Experiments in rats showed that although the rats subjected to 7 per 
cent ox 3 ^gen for two hours did not show any untoward effects, it was 
found that when they were subjected to 7 per cent oxygen plus insulin 
convulsions started much earlier and occurred more frequently than 
when insulin alone was administered. Table 3 shows that eight out of 
twelve rats showed h 3 '-poglycemic convulsions when injected vdth 10 units 
of insulin/kgm. and that ten out of twelve rats convulsed when injected 
vith the same amount of insulin and subjected to 7 per cent oxygen at 
the same time. The latent period varied between 141 and 228 minutes 
in the first and 22 and 107 minutes in the latter group. The experiments 
confirm the work of Glickman and Gellhom but are more striking than 
the results of these authors since in our new' experiments no overlap exists 
in the latent periods of convulsions in the tw'o groups. There is not 
only a quantitative but also a qualitative confirmation of the earlier w'ork 
of Glickman and Gellhom. It w'as mentioned in our earlier work that 
the type of convulsions which rats showed after in.sulin plus anoxia, the 
latter induced by the low'ering of the barometric pressure, w'as quite 
different from that observed in rats subjected to insulin alone. It resem- 
bled more anoxic convulsions w'hich ma 3 '’ be seen either b 3 ' employing 
ox 3 'gen-nitrogen mixtures very low' in ox 3 'gen or hy reducing markedl 3 ' 
the barometric pressure. Glickman and Gellhom came to the conclusion 
that “It appears ^ if the insulin injected animals w'ere suffering from a 
relative anoxia which is greatly aggravated w’hen the animals are exposed 
to a reduced oxygen pressure, although the latter is entirety harmless to 
non-insulinized control animals.” These observations are fully confirmed 
in the present set of experiments. We have other indications of the 
essential anoxic nature of the convulsions in the animals treated with 
irLsulin and 7 per cent ox 3 'gen. Rats injected with insulin alone show 
convulsions that last for several minutes consisting of vigorous clonic- 
tonic discharges. These w'ere almost immediately relieved by intraperi- 
toneal injection of glucose. In .sharp contradistinction to this phenome- 
non, it is found that rats subjected to anoxia plus insulin show very brief 
clonic com'iil.sions lasting onty a few' seconds. In these cases the injection 
of glucose is of no benefit. The animals frequently die even before glu- 
cose can be injected. The anoxic nature of the convulsions observed in 
rats is substantiated b 3 ' the third group of experiments reported in table 
3. Ten rats were again subjected to insulin and 7 per cent oxygen and 
early convulsions of the anoxic t 3 'pe occurred in all animals. As soon as 
they appeared, 100 per cent oxygen was administered and continued for 
about tw'ent 3 ' minutes. Seven out of ten rats recovered w'hereas none of 
the animals recuperated when injected with glucose (group II of table 3). 



TABLE 3 


I. Effect of 10 units insulin/kgm. (intraperiioneally) on normal rats 


KtrMBEB 

LATENT PERIOD OF HYPO- 
GLYCEMIC CONVULSIONS 

1 

REMARKS 

1 

minutes 

223 

1 

2 

228 

> Recover on injection of glucose 

3 

CO 

) 

4 

00 


5 

152 


6 

217 

■ Recover on injection of glucose 

7 

188 


8 

CO 


9 

159 

1 

10 

141 

/ Recover on injection of glucose 

11 

153 

J 

12 

OO 



II. Effect of 10 units insulin/kgm. {intraperiioneally) on rats subjected for 
2 hours to inhalation of 7 per cent oxygen 


KU&IBER 

LATENT PERIOD OF CON- 
VULSIONS (anoxic type) 

REMARKS 


minutes 



1 

28 

] 


2 

51 

> All died in spite of injection of glucose 

3 

107 

i 


4 

CO 



5 

37 

] 


6 

48 

f All died in spite of injection of glucose 

• 7 

63 

j 


8 

OO 



9 

27 



10 

11 

22 

23 

> All died in spite of injection of glucose 

12 

61 



III. Effect of 10 units insulin/kgm. 

{intraperiioneally) on rats subjected for 


2 hours to inhalation of 7 per cent oxygen 



LATENT PERIOD OF 

TREATED IMMEDIATELY 

SHOW hypoglycemic 

NUMBER 

convulsions 
(an’oxic type) 

WITH OXYGEN 

convulsions AFTER 


minutes 


minutes 

1 

■47 

Recover 

179* 

2 

46 

Died 


3 

31 

Recover 


4 

58 

Recover 


5 

46 

Recover 


6 

26 

Recover 

. 190* 

7 

30 

Recover 

143* 

8 ■ 

51 

Died 


9 

60 

Died 


10 

94 

Recover 



* All recover on injection of glucose. 
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Moreover, it was found that some of the rats thus saved from the other- 
wise fatal effect of anoxia during insulin hypoglycemia, showed two to 
three hours later hypoglycemic convulsions which could be promptly 
alleviated by injection of glucose. 

We therefore come to the conclusion that the rabbits in our experiments 
behaved similarly to the dogs in the experiments of McQuarrie and Zieg- 
ler. In these animals, insulin convulsions are prevented by anoxia. In 
the rats, however, no matter %vhether a low barometric pressure or the 
inhalation of oxygen-nitrogen mixtures is used for inducing anoxia, the 
animals subjected to insulin plus anoxia die under convulsions, whereas 
convulsions occur only later or not at all in the animals treated yith in- 
sulin alone. But it seems to be unfair to conclude from these experiments 
that insulin convulsions are prevented by anoxia in rabbits and dogs but 
are precipitated by anoxia in rats. In confirmation of the earlier work of 
Glickman and Gellhom, we found in our new experiments on rats that the 
convulsions observed in hypoglycemic and anoxic animals are definitely 
of an anoxic and not of a hypoglycemic nature. We may, therefore, say 
that in all animals thus far studied with regard to the interaction of 
anoxia and hypoglycemia, anoxia prevents insulin convulsions, but in 
the rats, anoxic convulsions occur w’hich are not seen either in the dog or 
in the rabbit subjected to similar procedures. If we take into con.sidera- 
tion the fact that both hypoglycemia and anoxia diminish the rate of 
oxidations in the brain, the difference between rats on one side and rabbits 
and dogs on the other side seems to be not a difference in sensitivity to 
hypoglycemic convulsions but a difference in sensitivity to oxygen defi- 
ciency. In the case of rats, anoxia when superimposed on hjTpoglycemia, 
creates such a diminution of oxidative processes in the brain that these 
arumals show anoxic convulsions. Rabbits in general do not show these 
.symptoms, although in a few cases with denervated adrenals we saw a 
similar behavior and then the injection of glucose was of no avail. The 
conclusion which w-e arrive at that a similar diminution in the oxidation 
rate of the brain may produce more marked anoxic symptoms in rats than 
in rabbits and dogs, is supported by the experience of Haldane that 
small animals such as mice and birds are more sensitive to carbon monox- 
ide than are larger animals, including man. It is this specific sensitivity 
to anoxia, characteristic of small animals with a high metabolic rate, 
w'hich accounts for the differences observed in the two groups of experi- 
ments. The conclusion seems imperative that insulin convulsions re- 
quire a higher degree of oxygenation of the brain centers than is present 
when the animals are subjected to anoxia during the hypoglycemic state. 
The occurrence of anoxic convulsions in rats subjected to insulin plus 
7 per cent oxygen furnishes a further illustration of the synergistic action 
of anoxia and hj’poglycemia on the central nervous system (cf. Gellhom 
and collaborators, 1938-1940). 
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SUMMARY 

1. Rabbits injected mth 2.5 units of insulin subcutaneously and sub- 
jected to 7 per cent oxygen for two hours do not show insulin convulsions 
in spite of convulsive blood sugar levels. This confirms the work of Mc- 
Quarrie and Ziegler. If, instead of low oxj'^gen, 15 per cent CO 2 is in- 
haled, the results are similar to the experiments with anoxia. In 50 per 
cent of the rabbits, marked signs of respiratory failure are observed indi- 
cating that under these conditions, a marked diminution in the oxidative 
processes takes place also. 

2. In experiments performed on rats which were given 10 units of in- 
sulin/kgm. intraperitoneallj'’ and subjected to 7 per cent oxygen for two 
hours, the animals show convulsions much earlier than the control animals 
subjected to insulin alone, but the nature of these convulsions is anoxic 
and clinically different from insulin convulsions. This is confirmed by 
the fact that whereas injection of glucose immediately restores the animals 
suffering from insulin eomoilsions, it has no beneficial effect on animals 
showing anoxic convulsions. Moreover, such comnilsions can be al- 
leviated by administration of pure oxygen. The difference in the behavior 
of rats and rabbits is explained on the basis of the greater oxygen sensi- 
thdty of small animals showing a high metabolic rate. It is concluded 
that in all species thus far studied, anoxia prevents insulin comuilsions. 
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It has been shotra repeatedlj’’ that when structures supplied by sympa- 
thetic nerves are deprived of their post-ganglionic supply, they become 
sensitive to circulating epinephrine. Likewise, when parasjTnpathetically 
innenmted muscle is deprived of its post-ganglionic supply, it contracts 
readily when in contact with acetylcholine. Shen and Cannon (1936) 
found that after excision of the ciiiarj^ ganglion in the cat, the paralyzed 
circular fibers of the iris constricted the pupil on the instillation of 1.0 
per cent acetylcholine into the conjunctival sac. This miosis was aug- 
mented by previous application of eserine. In this communication com- 
parative studies are reported of the effects of adrenaline and acetylcholine 
on the sympathetically and parasympatheticallj' denervated irises of the 
cat and monke3^® 

Method. In the following experiments, cats and monkeys (Macaca 
mulatta) were used. In 60 cats and 20 monkej'S, the superior cervdeal 
ganglion was removed, and in 30 cats and 7 monkeys the short and long 
ciliary nerves were sectioned. The latter procedure was a modification 
of the operation devised by Anderson (1905), and used bj’^ Shen and Can- 
non (1936). The method of exposure of the ciliarj’- ner\^es in the monkej' 
was .similar to that used in the cat except that in the former it was neces- 
sary to trephine the lateral Avail of the bony orbit. 

The superior cervical ganglion was removed in the usual manner. The 
changes in pupillary diameter Avere recorded in most instances bj" measur- 
ing the horizontal diameter AAith a millimeter scale, and in some photo- 
graphical. 

* Aided by grants of the Josiah Macy Jr. Foundation and the Dazian Foundation 
for Medical Research. 

* Dr. I. Abrahamson Fellow in Neuropsychiatry. 

^ For purposes of brcAdty, the iris deprived of its post-ganglionic sympathetic 
nerve supply will be designated as the s.d., i.e., sympathetically denervated iris, 
while the iris of the eye in which the post-ganglionic ciliary and optic nerves were 
sectioned will be referred to as the c.d., i.e., completely denervated iris. In the 
completely denervated iris, both the sympathetic and parasympathetic nerve sup- 
plies were abolished. 
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In order to visualize the pupil better, the nictitating membrane was 
removed in a number of cats. In chronic experiments, the eye was 
bandaged with 1:5000 bichloride of mercury ointment, so as to avoid 
ulcerations of the cornea. 

The drugs, i.e., adrenaline hydrochloride (Parke Davis) and acetyl- 
choline hydrochloride (Merck) were used with the animal in most instances 
unanesthetized. The 1.0 per cent adrenaline solution used for local appli- 
cation to the eye was prepared from ciystalline epinephrine bitartrate 
(ll\^inthrop). All dilutions were made with saline to volume of 1.0 cc. 
The dosages recorded in the subsequent experimental data are per kilo- 
gram of body weight, unless otherwise noted. 

Results. I. Adrenaline (a) cat. The normal iris and that deprived 
of its sympathetic inneiwation by preganglionic section dilated with 
intravenous injections of adrenaline in amounts not less than 5 gainma, 
w'hile the iris in wiiich the post-ganglionic sympathetic fibers were cut 
dilated with much smaller doses. Intravenous injection of adrenaline, 
5 gamma or more, excited the radial fibers of the iris of the cat even 
immediately after their complete denervation. Following this opera- 
tion, the sensitivity of the denervated pupillodilator muscle to epinephriue 
increased with time. The minimal dose of epinephrine necessary to dilate 
the s.d. iris w^as 0.08 gamma. The sensitivity of the radial fibers of the 
c.d. iris w'as even greater, 0.02 gamma produced a minimal dilatation. 
When injected into the ipsilateral common carotid artery, the quan- 
tity of epinephrine required to dilate the c.d. iris w'as 0.0005 gamma. 

(b) Monkey. In the monkey, the sensitivity of the s.d. iris to intrave- 
nous injections of adrenaline w^as not as marked as in the cat. In only 
two macaques were 4.0 gamma of adrenaline effective in producing mydri- 
asis of the s.d. iris. In all other instances from 50 to 200 gamma were 
necessary. The mydriasis was never conspicuous or maximal, the pupil 
increasing only by 1.0 to 2.5 mm. over the original diameter. In three 
monkeys, the pupil became irregular and there w^as hemorrhage into the 
anterior chamber of the eye. In monkeys wfith preganglionic section at 
the stellate or at the middle cervical ganglion, large doses of intravenously 
injected adrenaline sometimes enlarged the ipsilateral pupil. The nor- 
mally innervated iris did not dilate w'ith intravenous injections of adre- 
naline.^ 

Unlike the cat, complete denervation of the monkey’s iris did not 


* These pupillary dilator reactions noted in the cat and monkey, following the 
administration of adrenaline, are in accord -with the observations of the mydriasis 
obtained when each is frightened. Frightening the cat produces a marked dilatation 
of the s.d. and c.d. irises presumably due to a discharge of adrenaline. In the monkey 
there is no change in pupillary diameter with fright and struggle unless cocaine is 
given locally or parenterally (Fulton, 1940). 
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enhance the sensitivity to epinephrine even when large doses ranging 
from 200 to 1000 gamma were employed. The mydriasis was slight 
and frequently did not occur. Instead a prograssive constriction of the 
pupil ensued from 45 to 90 seconds after the adrenaline was injected 
(fig. lA). This delayed miosis of the c.d. iris caused by adrenaline could 
be enhanced by aserine, given 15 minutes pre\dousIy either in the con- 
junctival sac or intramuscularly, and could be diminished or abolished 
by parenteral atropine. Eserine thus given had no visible effect on the 



Fig. 1. Three unanesthetized monkeys each with c.d. iris. At A, injected with 
adrenaline into saphenous vein. .\t B, injected mth acetylcholine by vein. Note 
the long interval between injection of epinephrine, first point indicated, and ap- 
pearance of miosis following the drug injection. 

Fig, 2. TJnancsthetized cat with c.d. iris. Weight 2.8 kgra. Effect of intravenous 
injections of acetylcholine on pupillary diameter in amounts as indicated. Pupillarj' 
constriction could be elicited immediately after the denervation. 

A. Comparative actions of adrenaline and acetylcholine. Note that the adre- 
naline mydriasis appeared within the circulation time of 6 seconds, while acetyl- 
choline mydriasis was delayed and appeared twenty or more seconds after the drug 
w’as injected at first point. 

B. Variable constrictor and dilator effects of intravenous acetylcholine. Curve 
with squares represents that produced by intravenous injection of 200 gamma, with 
triangles 20 gamma and with circles 100 gamma of acetylcholine. 

pupil. The miosis due to adrenaline could not be elicited in every monkey 
tested, nor on every occasion. Furthermore, the phenomenon could be 
demonstrated only during the period in which the denervated pupillo- 
constrictor muscle was hypersensitive and readily contracted with acetyl- 
choline. 

II, Acetylcholine (a) cat. In the cat, intravenous injections of acet}’'!- 
choline up to 50 gamma had little effect on the normal iris. In doses 
greater than 6 to 10 gamma, dilatation of the s.d. iris occurred 14 to 30 
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seconds following the administration of the acet 3 dcholine. This interval 
was considerably greater than the circulation time which is usually six 
seconds (fig. 2A). Eserine increased and atropine abolished or hindered 
the dela 3 '^ed mydriatic effect of acetylcholine. In most instances, bilateral 
adrenalectomy abolished the dilatation in the s.d. iris and diminished it 
in the normal iris. The s.d. and normal nictitating membranes retracted 
with acetylcholine even after bilateral adrenalectomy. 

In the c.d. iris of the cat, acetylcholine administered intravenously had 
a dual action, mydriatic and miotic (fig. 2B). The responses varied, but 
the dilator effect was the more frequent. Even when miosis did occur, 
it preceded or followed a mydriasis. At times no change in the pupil 
was noted. The constrictor effect of acetylcholine on the c.d. iris did not 
seem to depend on the quantity injected, for in the same cat 10 gamma 
were equally effective and ineffective. Intracarotid injections of acet 3 d- 
choline also yielded variable results; in one instance 4 gamma produced 
miosis, on other occasions there were no changes, even with as large a 
dose as 1 mgm. The constriction produced by acetylcholine appeared 
from 10 to 60 seconds after its intravenous injection into the uneserinized 
cat and persisted for many minutes, long after the acetylcholine must 
have disappeared from the circulation by the hydrolytic action of blood 
cholinesterase. Atropine, 1 mgm. intramuscularly, abolished the miotic 
and diminished the mydriatic effect of parenteral acetylcholine. With 
large doses of intravenously injected acetylcholine, 100 gamma or more, 
slight constriction of the c.d. iris could be elicited as early as 5 minutes 
after the denervation. At this early stage the usual secondar 3 ’- mydriasis 
was not observed. 

(b) Monkey. In the monkey, intravenous injections of acetylcholine 
produced constriction of the c.d. iris (fig. IB). The constriction was 
augmented and prolonged by eserine injected parenterally or applied 
locally to the eye.. This acetylcholine miosis was also an inconstant 
phenomenon but there were no apparent secondary effects on the pupil, 
such as the delayed mydriasis observed in the cat, even when large doses 
of acetylchoUne, 1 to 4 mgm., ivere administered with or without previous 
eserinization. 

Discussion. After sectioning all the ciliary sympathetic and para- 
sympathetic nerves to the eye, both adrenergic and cholinergic sensitiza- 
tion phenomena may be demonstrated in the denervated iris; the pupil- 
lodilator muscle reacts with adrenaline while the pupilloconstrictor muscle 
reacts with acetylcholine. The actions of adrenaline and acetylcholine 
on the denervated iris of the cat differ from those of the monkey. The 
pupillary effects obtained with intravenous injections of these drugs may 
be determined by general and local reactions. 

A. General {reflex) reactions. The injection of an excess amoimt of one 
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of the autonomic substances causes a reflex discharge of the other in the 
body. Feldberg and Minz (1931) demonstrated that acetylcholine in- 
jected into the circulation caused a secretion of epinephrine from the 
adrenal medulla of cats, dogs, and rabbits. Conversely, Krayer and 
Verney (1934) .showed that when adrenaline was injected intravenously, 
there occurred a reflex discharge of acetylcholine into the coronary vein 
of the dog and cat. 

It is probable that the mydriasis of the denervated iris caused by acetyl- 
choline in the cat is in part due to a reflex discharge of epinephrine from 
the adrenal medulla. This is supported by the observations that bilateral 
adrenalectomy abolishes and in some instances diminishes the mydriasis 
caused by acetylcholine. The fact that bilateral adrenalectomy does not 
eliminate this mydriasis in every cat tested suggests that acetylcholine 
may release epinephrine from obscure accessory' chromaffin bodies or 
stimulates the secretion of an adrenaline-like substance, such as sympathin, 
at the sympathetic nerve endings (Bacq, 1936; Cannon and LisSkk, 1939). 
Using the s.d. nictitating membrane of the cat as an indicator, Bacq 
(1936) found that only after removal of the adrenals and complete sym- 
pathectomy does acetylcholine fail to retract the nictitating membrane. 
The mechanism of reflex discharge of epinephrine by acetylcholine may 
also exist in the monkey as it does in other species but the quantity so 
liberated may be in.sufficicnt to dilate the s.d. iris, which in this animal 
is found to have a low sensitivity to injected adrenaline. It is possible 
that if a different indicator were used, such as the denenmted heart or 
intestine (Youmans et al., 1940), the reflexly liberated adrenaline or 
.sympathin could be detected. The evidence and methods used to study 
the release of adrenaline by intravenously injected acetylcholine has been 
reviewed by Hermann et al., 1937. 

Just as acetylcholine can stimulate the secretion of adrenaline, so may 
adrenaline cause the liberation of acetylcholine (Krayer and Verney, 
1934). The constriction of the completely denervated iris of the monkey 
by intravenous injections of adrenaline may be due to a reflexly released 
parasympathomimetic substance. This is particularly likely since the 
miosis caused by adrenaline is augmented by eserine and occurs during 
the period the denenmted pupilloconstrictor muscle is hypersensitive to 
acetylcholine. Additional presumptive evidence that the delayed pupil- 
lary constriction is due to a reflexly discharged chemical agent is found in 
experiments with denervated facial muscles of monkeys. These dener- 
vated muscles, which are extremely sensitive to acetylcholine, contract 
from 40 to 150 seconds after the intravenous administration of large 
amounts of adrenaline (Bender, 1939). The contraction is augmented by 
eserine, and occurs only while the denervated facial muscles are sensitive 
to acetylcholine. Still another example in which denervated striated 
muscle reacts indirectly with adrenaline are the experiments of Mahoney 
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and Sheehan (1936), who found that 5 days after intracranial section of 
the oculomotor nerve the denervated levator palpebrarum contracted 
several minutes after the intramuscular injection of 2 mgm. of epinephrine. 
Since the denervated ocular muscles are highly sensitive and contract 
readily with acetylcholine (Bender and Fulton, 1939) it is imphed that the 
delayed contraction produced by adrenaline is due to reflex liberation of 
a chohnergic substance. The origin of this hypothetical, reflexly liberated 
cholinergic substance in the body is obscure and there is a question whether 
the parasympathomimetic effects are due to acetylchohne per se. Feld- 
berg and Schriever (1936) found that intravenously injected adrenaline 
produced secretion of acetjdcholine into the cerebrospinal fluid of eserin- 
ized dogs. According to these authors, the acetylcholine thus derived 
was not from the secretions of the vagal nerve endings. 

The absence of the cholinergic effect following parenteral injections of 
adrenaline in the cat may be more apparent than real. It is possible that 
the dilator fibers of the iris react more powerfully than the constrictor 
set. Since adrenaline excites the dilator fibers, the stimulation of the 
constrictor set by reflexly liberated acetylcholine may not be sufficient 
to overcome the adrenaline mydriasis. Thus although acetylcholine may 
be secreted after intravenous injection of large doses of adrenahne, its 
presence in the cat could not be detected by the sensitized body indicators 
described in this report. 

B. Local (direct) reactions. The radial and circular fibers of the iris 
each react with both adrenaline and acetylcholine. Cannon and Rosen- 
blueth (1935) reported that hepatic sj^mpathin acts on both the radial and 
circular fibers of the iris of the cat. Also, Rosenblueth (1932), Morrison 
and Acheson (1938), and Rosenblueth and Cannon (1939) found that the 
nictitating membrane of the cat contracts with adrenaline and acetyl- 
choline, as we did. Similarly, it is conceivable that the constrictor and 
dilator sets of denervated fibers of the iris in the cat each react with acetyl- 
choline. Since the two sets of fibers are antagonisticallj’- arranged, the 
final effect is the resultant of the two opposing actions. In the cat the 
usual response to intravenous injections of acetylcholine or adrenaline is 
dilator and this suggests that the dilator fibers are the more powerful of 
the two groups. 

The same principle of a drug acting simultaneously on antagonistic 
sets of fibers of the iris may account for the adrenaline constriction of the 
c.d. iris of the monkey. In the monkey, however, in contrast to the cat,- 
the pupiUoconstrictor muscle . may be stronger than the dilator fibers and, 
therefore, would respond with acetylcholine as well as with adrenaline. 
Although this hypothesis could explain the miosis of the c.d. iris it would 
hardly account for the phenomenon of contraction of the denervated 
facial striated muscles elicited by adrenaline in monkeys (Bender, 1939). 

Of the two explanations offered for the pupillaiy responses obtained 
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with the autonomic drugs the experimental evidence seems to favor the 
theory of general hormonal reaction, namely, an excess of acetylcholine 
causes secretion of adrenergic substance while excess of adrenaline causes 
liberation of a cholinergic substance in the body. Such reflex reactions 
neutralize the effects of the drugs introduced into the body and thus con- 
form with the widely established principle of homeostasis (Cannon, 1939). 

The foregoing data reveal that the cat responds to autonomic drugs 
chiefly with the dilator, while the monkey with the constrictor mechanism 
of the denervated iris. Since in this case the iris is free from nervous con- 
trol the changes in pupillarj’’ diameter must be due to an excitation of the 
iris fibers by a chemical agent cither introduced or released within the 
body. The chemical agents liberated within the organism arc presum- 
ably adrenaline and acetylcholine. These findings are similar to those 
noted in conditions in which the autonomic system is hyperactivated such 
as in fright and struggle (Bender, 1938), and in insulin-hypoglycemia 
(Bender and Siegal, 1940). All obser\mtions considered together suggest 
that both adrenergic and cholinergic like substances are elaborated in 
each of the .species and that the cat displays predominantly the .sym- 
pathomimetic, whereas the monkey shows more of the parasympa- 
thomimetic reactions to the same stimuli. 

SUMMARY 

1. The denervated iris of the cat and monkey differs in the reactions 
to the autonomic drugs. In general the cat responds ^vith its dilator 
while the monkey reacts with its constrictor-fibers of the iris. 

2. After sectioning of all the ciliarj’- and optic nerves, the iris is rigid 
to aU forms of neural stimuli but responds to chemical agents. In- 
travenous injections of adrenaline produce a dilatation of the c.d. iris 
in the cat but a delayed miosis in the monkey. Intravenous injections of 
acetylcholine produce an inconstant constriction and a more frequent 
secondary dilatation in the cat w'hile in the monkey there is only con- 
striction. 

3. The pupillary dilatation obtained after injections of acetylcholine 
in the cat is usually abolished by bilateral adrenalectomy. The pupillarj’^ 
constriction which is noted on intravenous injections of adrenaline in the 
monkey is potentiated by eserinization and occurs only while the con- 
strictor fibers of the iris are sensitive to acetylcholine. These facts sug- 
gest that exce-ss of acetylcholine stimulates the secretion of adrenaline and 
excess of adrenaline stimulates the liberation of a cholinergic-like substance 
in the body. 
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The mechanism of the excretion of vitamin C in the human has been 
reported in a previous studj' (I, 2), It v'as found that in man ascorbic 
acid was excreted through filtration and active tubular reabsorption. The 
reabsorptive mechanism appeared to be limited by a maximal rate so 
that when the vitamin was presented to the tubules by the glomerular 
filtrate at a rate exceeding this maximum the excess was excreted in the 
urine. In a series of normals studied by us, and by Smith and his co- 
workers (.3) it was found that the human kidney was capable of reabsorbing 
1.2 to 2.1 mgm. of vitamin C per 100 cc. of glomerular filtrate vdth an 
average of 1.7 mgm. per 100 cc. of glomerular filtrate or 2.0 mgm./min. 
At plasma levels below saturation (2) the ^^tamin was almost completely 
reabsorbed. This reabsorption, however, was never entirely complete 
and some ascorbic acid appeared in the urine regardless of the plasma con- 
centration. These data in the human appeared to uphold the hj'pothesis 
which treats tubular reabsorption as a phenomenon following the law of 
mass action (4), It was also shown that although in chemical structure 
vitamin C is related to the carbohydrates, it is not reabsorbed by the same 
mechanism as glucose. 

Because the dog is capable of synthesizing its own %’itamin C, the mecha- 
nism by which this animal excretes the ■vdtamin was studied. In this 
investigation simultaneous creatinine and vitamin C clearances were done 
as this provides a method for studj-ing the mechanism of the excretion of 
ascorbic acid in the dog. 

Procedure. Observations were made on four normal well-trained dogs 
kept on identical diets consisting of crackermeal 100 grams, skimmed 
milk 30 grams, yeast 10 grams, bone ash 4 grams, salt mixture 3 grams, 
meat powder 35 grams, cod liver oil 22 cc. The dogs were hydrated the 
day prior to the test and the morning of the experiment. The dogs were 
unanesthetized and loosely restrained upon a comfortable animal board. 

* This research was aided by a grant from the Josiah Macy Jr. Foundation. 
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Constant creatinine and varying ascorbic acid concentrations in the 
plasma were obtained by means of. constant intravenous infusions. Urine 
was collected by an indwelling catheter and at the end of each period the 
bladder was emptied as completely as possible and washed out Avith saline. 
Bloods were obtained at frequent intervals. 

Potassium oxalate was used in minimal quantities as an anticoagulant. 
Vitamin C was determined in plasma by the method of Mindlin and 
Butler (5); and in urine by the method of Evelyn et al. (6). Fdr cre- 
atinine, the plasma and urines were precipitated using the ferric sulphate- 



PLASMA CONCENTRATION OF VITAMIN C MGM PER CENT 

Fig. 1. The relationship between the vitamin C creatinine clearance ratio and the 
plasma level of vitamin C 

barium carbonate* method (7) and then determined b 3 ’^ the Folin and Wu 
(1919) (8) method. 

Bestjlts. In all a total of 102 clearance periods Avere run on the four 
normal dogs. The plasma concentration of vitamin C was varied from 
0.40 to 10.9 mgm. per cent. The Autamin C/creatinine clearance ratio is 
plotted against plasma concentration in figure 1. It should be noted 
that the Autamin C clearance has a Igaa*^ value at Ioav plasma ascorbic 
acid concentrations. As the plasma concentration was raised there was 
a sharp rise in the vitamin C clearance which approached the creatinine 
clearance as a limiting A’^alue. 

The data were analyzed to determine Avhether the renal tubules reab- 
sorbed the Autamin up to some maximal limiting rate after AA’hich an}' 
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vitamin present in. the glomemlar filtrate would be excreted in tlic urine. 
The absolute amount of the vitamin reabsorbed by the tubules was cal- 
culated by subtracting the amount excreted per minute from the amount 


TABLE 1 

Maximal rcabsorption of vitamin C 




1 1 

i riLTETlED 

1 ExennTED 

REABSOnBEO 

DOO' 

PLASMA 




1 



KUMDEn 

COKC. 


Glomerular 

GUrato 


Glomerular 

GUrato 


Glomerular 

Gltrate 


TTlQm, 

percent. 

per min. 

mom, per 
100 cc. 

mgm, per 
min. 

mom, per 
iOOcc. 

mgm, per i 
min. \ 

mgm, per 
100 cc. 

190 

0.80 

0.39 

0.80 


0.08 

0.35 

0.72 


2.36 

1.24 

2.36 


1.64 

0..38 1 

0.72 


7.36 

4.37 

7.36 

3.95 

6.62 

0.42 

0.74 

189 

1.05 

1 

0.45 i 

1.05 

0.17 

0.39 

0.28 

0.66 


1.62 I 

1 

0.83 

1.62 

0.51 

1.00 

0.32 

0.62 

190 

1 

0.46 

0.21 

0.46 

0.004 

0.01 

0.21 i 

0.45 


2.77 

1.59 

2.77 

1.35 

2.35 

0.24 

1 

0.42 

211 

2.51 

1.38 

2.51 

1.03 

1.88 

0.35 

0.63 


6.49 

4.28 

6.49 

3.90 

5.91 

0.38 

0.58 

190 

2.77 

1.64 

2.77 

1.21 

2.03 

0.43 

0.74 


5.43 

2.91 

5.43 

2.53 

4.72 

1 

0.38 

0.71 

1 


TABLE 2 


Effect of hyperglycemia on the reabsorption of vitamin C 


PLASMA 

PLASMA 

CLEAHAKCrS 

VITAMIN C 
CRBATTNIKB 



VTTAMIK C 

OLXTCOSE 

j 

Vitamin 

C 

Creatinine 

Glucose 

CLEAIIANCE 

BATIO 

V ii AMifi f 


mgm, 
per cent 


ce, per i 
min, 1 

CC. per 
min. 

CC. per 1 
min, 1 

Hi 

^mgm, per < 
min. 

mgm. per 
too cc. fiKraU 

0.90 


31.6 

52.8 



0.19 

0.36 

0.87 

114 

22.8 

46.1 



0.21 

0.46 

0.84 

120 

20.9 

47.8 


0.44 

1 

0.23 

0.47 

0.68 

510 

22.2 

62.5 

30.2 

1 0.36 

0.27 

0.44 

0.68 

510 

24.8 

69.2 

40.8 

0.36 

j 0.30 

0.44 

0.68 

510 

21.0 

71.0 

33.6 

0.29 

0.34 

0.48 


filtered per minute. Assuming that the vitamin was completely filterable 
from the plasma the latter value was obtained by multiplying the cre- 
atinine clearance by the plasma concentration of the vitamin. 

Table 1 gives the quantity of vitamin C reabsorbed by the tubules in 
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33 observations in 3 dogs at 10 different plasma levels, each figure being 
the average of 3 observations. These data indicate that there is a limi- 
tation in the capacit}’’ of the renal tubules to reabsorb the vitamin and 
that it is this circumstance that leads to the increased excretion at elevated 
plasma levels. 

Another experiment was run in order to determine whether glucose and 
vitamin C were reabsorbed by a common mechanism in the dog. Table 2 
gives the results of this test. When the plasma concentration of glucose 
was raised above 500 mgm. per cent, putting a maximum strain on the 
glucose reabsorptive system there was no impairment of the reabsorption 
of -sutamin C. From this it may be inferred that the reabsorption of 
vitamin C and of glucose does not involve a common mechanism. 

The data were also analyzed vdth a view to determining whether or not 
the rate of urine flow affected the excretion of vitamin C. Absolutely no 
relationship was found between these two when the urine flow varied 
from 1.0 to 8.7 cc./minute. 

Discussion. The validity of the calculation of the active tubular re- 
absorption depends on the assumption that the vitamin is completely 
filterable at the glomerule. Leblond (9) has demonstrated that this cir- 
cumstance exists in the frog, and our work (1) on the human kidnej’’ also 
supports this ^dewpoint. The data indicate that vitamin C in the dog, 
as in man, is excreted only by filtration; that it is actively reabsorbed by 
the renal tubules, and that the factor which limits this reabsorptive 
process is the existence of a maximal rate. This phenomenon of a max- 
imal rate of transfer has been shown to obtain for glucose (10) and for 
vitamin C in man (1) and for the tubular excretion of many organic 
compounds (4). Shannon (4) has suggested that this limitation may fol- 
low from the circumstance that in the process of active transfer the sub- 
stance enters into reversible combination with some cellular element 
present in a limited and constant amount and it is the rate of decompo- 
sition of this complex which limits the progress of the over-all reaction 
of transfer. In the case of vitamin C this situation maj'' be represented 
as follows: 

(1) A -b B AB Tr + . ® 

tubular cellular distal liberated 

ascorbic acid complex ascorbic acid cellular 

component 

Applying the law of mass action to such a condition the following rela- 
tionship (4) may be derived: 

K = (a - Tr/v) 


( 2 ) 
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where Tm represents the maximal rate of tubular reabsorption, v the rate 
of glomerular filtration in unite of 100 cc., a the plasma concentration, Tr 
the calculated rate of tubular rcabsorption and K a constant. 

The smooth curve shonm in figure 1 was calculated with the following 
equation; 

(3) Vitamin C/creatinine clearance ratio = 1 — Tr/a 

The values for Tr were obtained by using equation 2 in which the value 
for Tm was 0,52 mgm./lOO cc. filtrate (the average maximal rate observed 
in all our observations); v was equal to 100 cc./mm. and K had a value 
of 0.01. 

The data obtained fit this calculated cur\'e satisfactorily and indicate 
that the hypothesis upon which equations (1) and (2) are based can be 
used to describe the reabsorptive S 3 ' 5 tcm at all plasma concentrations 
examined in the dog. 

Therefore, in the dog, ascorbic acid is excreted by filtration and active 
tubular reabsorption, and the excretion of vitamin C is dependent upon 
the plasma concentration of the vitamin, the rate of glomerular filtration, 
and the maximal rate of tubular reabsorption. This mechanism of the 
excretion in an animal capable of synthesizing its own ascorbic acid is 
similar to the mechanism by which man excretes the vitamin (1). How- 
ever, the ability' of the tubules to reabsorb the \dtamin in the dog (0.52 
mgm./lOO cc. filtrate) is much less than that of man, e.g., 1.7 mgm./lOO 
cc. filtrate. 

SUMMARY 

1. Simultaneous vitamin C and creatinine clearances in the normal dog 
show that ascorbic acid is excreted by filtration and active tubular reab- 
sorption. 

2. The reabsorptive mechanism for vitamin C appears to be limited 
by a maximal rate so that when the vitamin is presented to the tubules 
by the glomerular filtrate at a rate exceeding this maximum the excess is 
excreted in the urine. 

3. Vitamin C Is not reabsorbed by the same mechanism as glucose. 
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The problem of chemical transmission of motor nerve impulses to volun- 
tary muscle has been approached by Mamay and Nachmansohn (1) by 
studying the choline esterolytic activity of various portions of the sartorius 
muscle of the European frog (Rana esculenta). Pezard and May (2) 
previously had shovm that the pelvic one-fifth of this frog’s sartorius has 
few motor nerve endings, while the adjacent or second fifth is richest in 
nerve endings and the third fifth has somewhat fewer than the second. 
Mamay and Nachmansohn determined the choline esterase present in 
these three portions and found that the second fifth has approximately 
seven times and the third fifth approximately four times the hydrolytic 
activity of the pelvic fifth. The}’’ also found that the sciatic nerve has 
approximately eight times the esterolytic activity shovm by the pelvic 
fifth of the muscle and concluded that this difference in activity of the 
various portions of the muscle could not be attributed to the presence of 
nerve fibers alone, but must be evidence of a concentration of the enzjnne 
at the nerve endings. From their data they calculate that 0.001 pg. of 
acetylcholine can be hydrolysed at the nerve endings of a sartorius muscle 
weighing 300 mgm. during the refractory period of the muscle. 

Confirmation of this work comes from similar studies on the sartorius 
of the toad made by Feng and Ting (3) but under different experimental 
conditions. They found that the pelvic one-fourth has much less choline 
esterase than the portion of muscle near the nerve entrance. 

In view of the discrepancies in experimental conditions between the 
work of Marnay and Nachmansohn and that of Feng and Ting, it was 
deemed desirable to obtain data on Rana pipiens, the frog commonly used 
in this country for experimental work, and some experimen'fcs are herevith 
reported using the procedure of Marnay and Nachmansohn. 

Method. Sartorius muscles of Rana pipiens were removed and di-vided 
as quickly as possible into five equal portions. Those portions repre- 

Supported in part by a grant from a Fluid Research Fund furnished by the 
Rockefeller Foundation, 
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senting the pelvic, second, and third fifths of the muscles v'ere weighed 
and gi-ound with quartz powder and Ringer solution to form a suspension 
of the tissue. This suspension was transferred to volumetric flasks and 
made to the dasired volume with Ringer solution which had the same com- 
position as that used by Marnaj' and Nachmansohn. After shaking, 
thoroughly each time, 4 cc. portions of this suspension were transferred 
to Warburg vessels. The side-bulbs contained 0.5 cc. (10 mgm.) of acetyl- 
choline bromide which will give an initial concentration of 1.6 mgm. of 
acetylcholine in 1 cc. The vessels were equilibrated with a 5 per cent 
CO 2 -N 2 mixture; they were then tipped and the production of CO 2 was 
followed, in most cases, for 120 minutes. The temperature of the bath 
was 18°C. 

In preliminary experiments no spontaneous hydrolysis of acetylcholine, 
nor spontaneous production of acid by the tissues, was found under these 
experimental conditions. 

Previous experiments bj’’ one of us (4) have shown the necessity of pro- 
stigmine or physostigmine controls, since one sometimes gets hydrolysis 
of acetylcholine which is not due to choline esterase. Such controls in the 
experiments reported here showed that there was no hydrolysis of the ester 
by muscle with physostigmine present in a dilution of 1 : 10,000. 

When working with biological fluids or tissue suspensions, buffers other 
than NaHCOs are present, and the production of CO 2 is not equivalent to 
the acetylcholine hydrolysed. This necessitates the addition of an acid 
retention factor to the vessel constant. Warburg, Rubovdtz and Christian 
(5) have devised an experimental method for determining a composite 
flask constant {Kn) for serum by adding a known quantity (Xcoj) of lactic 
acid to the serum in the presence of an excess of NaHCOs and measuring 
the CO 2 pressure (h) which is developed. The flask constant for each 
vessel is calculated from their equation: 



Since in our work varying weights of tissue are used. Km would not be 
constant from one experiment to another, and, in order to apply this method 
to the conditions of our experiments, it has been necessary to break the 
composite factor into its component parts: 

(2) Km = Kgg-r + AXat 

where is the retention factor for the particular weight of tissue used. 
From equation (2) AKm may be calculated since Kcoi^^ is known for 
each flask and Km may be experimentally determined. Assuming that 
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A-Km is; proportional tC the weight (w) of tissue, the retention factor per 
milligram of tissue may be calculated as follows: 

(3) 

w 

Ejiowing A'Kii for each vessel, the value of Kj^f for a particular weight of 
tissue may be calculated as follows: 

(4) + (w X A'Km). 

From the value of K^t for a particular weight of tissue and vessel, the 
volume of CO 2 in cubic- millimeteis produced during the experimental 
period will follow by rearrangement of equation (1) : 

(5) Zco. = hKu. 

The value of A'Km for each vessel was determined in several experi- 
ments using quantities of tissue which varied from 56 to 116 mgm. 


TABLE 1 


Values of Km for 100 vigm. of muscle calculated from experimentally determined values 

of A'Km 



VESSEL KUMBER 



2 

3 

4 

5 

6 

7 

■WEIGHT OF 



TISSUE 

USED 

-• 

1. 024 

1.632 

1.673 

1.647 

1.660 

1.543 





■■ 

■■ 

IHIIIII 

■■ 

Tngm» 


2.014 

1.890 





62 


1.932 

1.873 





115 


1.887 

1.903 

1.799 


BkIh 


116 

Ku 

1.961 

1.901 

1.868 

1.935 


mSm 

115 


1.896 

1.881 

1.812 

1.889 



116 


, 1.929 

1.944 

1.820 

1.912 

1.820 

■HI 

100 


1.926 

1.919 

1.897 

1.858 

1.850 

■■ 

56 




1.777 


1.764 


56 


Results. In order that the results obtained from the determinations 
of the acid retention factor may be compared more easily, the values 
for 100 mgm. of tissue have been calculated from equation (4) above, using 
the values of A'Km which were experimentally determined with different 
weights of tissue. Those values have been collected in table 1. It ivill 
be seen that the Km values for each flask have a maximum variation of 
3.6 to 6.3 per cent. This proves the original assumption that the reten- 
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tion is proportional to the weight of tissue used if all other factors ate 
kept constant and establishes the validity of the application of this formula 
in our calculations. 

Table 2 summaiizes the results obtained on the muscles of foiij'-seven 
frogs. The choline esterase activity is expressed, using the nomenclature 
of Nachmansohn (6), as the milligrams of acetylcholine hydrolysed by 100 
mgm. of tissue in 60 minutes {Qch.r)- It will be seen that the second fifth 
has a rate of hydrolysis which is three times that of the pelvic fifth, and 
the third fifth has a rate which is a little more than twice that of the pelvic 
fifth. 

The average of four experiments with the frog’s sciatic nerve gives a 
Qch.E of 0.677, or nearly seven times that of the pelvic fifth of the sartorius 
muscle. 


TABLE 2 


Hydrolyaift of acetylcholine by portions of frog’s sartorius muscle Qch.e = mgm. acetyl- 
choline hydrolysed/ 100 mgm. muscle/GO min. 


jnmDEn ^ 

1 

PELVIC piprn 

6EC0NT> riTTH 

THiiiDrirni 

lluaolo 
weisht j 

^Ch.E J 

Muscle 

weight 


Muscle 

weight 



1 

mgm. \ 


mgm. 

■■1 

mgm. 


1 

128 


108 

mEM 



2 

137 

WBm 

119 

WBm 



3 

140 


123 

mgm 

122 

0.220 

4 

142 

bBI 

132 

WBBm 

132 

0.205 

5 

165 


141 

WBm 

123 

0.192 

G 

162 

■m 

140 

■■ 

119 

0.267 

Average 


0.101 

1 

0.301 


0.221 

1 


Discussion. The results reported here on Rana pipiens agree qualita- 
tively with those obtained by Mamay and Nachmansohn on Rana escu- 
lenta, but they do not agree quantitatively, for Mamay and Nachmansohn 
found that the Qcn.n values for the pelvic, second and third fifths of the 
sartorius for Rana esculenta were 0.135, 0.795 and 0.404 respectively, while 
the corresponding values for Rana pipiens were 0.101, 0.301 and 0.221, 
or a difference of 26 per cent, 62 per cent and 45 per cent respectively. 
There is also a relative difference in the esterolytic activity of the muscles 
from the two frogs, since the Qch.s value for the second fifth of Rana 
esculenta is approximately seven times that of the pelvic fifth, while the 
Qch.B value for the second fifth of Rana pipiens is three times that of the 
pelvic fifth; and the value for the third fifth of Rana esculenta is four 
times that of the pelvic fifth, while for Rana pipiens the value of the third 




















ACETYLCHOLINE HYDROLYSIS BY' FROG SARTORIUS MUSCLE 285 


fifth is a little more than twice that of the pehfic fifth. These differences 
in the corresponding values for the muscles of Rana esculenta and Rana 
pipiens suggest that the distribution of motor nerve endings in the two 
muscles is not the same. 

In a later paper (6) Nachmansohn says: “Marnay and Nachmansohn 
have shovm that there exists an extremely high concentration of choline 
esterase at the nerve endings of Y'oluntarj’- muscle and that during the 
refractory period of Y'oluntary muscle, in a feYv milliseconds, the amount 
of acetylcholine required by the theoiy of chemical transmission can Yvell 
be hydrolysed at the nerve endings.’' The amount of acetylcholine which 
must be liberated at the nerve ending to satisfy the theory of chemical 
transmission is not knovm to us, and, furthermore, the amount of acetyl- 
choline actually liberated at the nerve ending in the sartorius muscle of 
the frog has not been determined; until these quantities are known it is 
impossible to say that the choline esterase which is also present can effect 
its hydrob'sis in a few milliseconds. 

Clark et al. (7) haY^e shown that the acthdty of choline esterase depends 
upon its concentration in solution. Marnay and Nachmansohn assumed 
a nerve ending volume of T'o'inr of the muscle volume, and later, in answer 
to the objections of Clark et al., Nachmansohn (6) assumed a nerve ending 
volume of 1000 in which the enzyme would haY^e a concentration high 
enough to permit maximum activity. Until proof is presented to the con- 
trarj’’, it appears that it must be assumed that the esterase .and acetylcholine 
are acting in the Y^olume occupied by the motor end-plate of the nerve 
fiber. From measurements Yvhich YY'e haY'’e made of the drawings (with 
magnification given) by Kiihne (8) of the end-plates in skeletal muscles 
of Rana esculenta, it is estimated that this Ymlume is several times more 
than 1000 Until such measurements of volume are accurately made, 
it is not possible to say that the choline esterase which is present in the 
end-plate has a concentration sufficiently high to giY’^e the enzjTne maxi- 
mum actiYuty. 

Although it is evident that choline esterase is concentrated to some 
extent at the motor nerve ending, one is unable to saj'’ yet how effectiY’^e 
the enzyme is in hydrolysing the acetylcholine YYffiich is liberated there 
during stimulation. 


SUMMARY' 

1. The method of Warburg, Kubovdtz and Christian for calculating the 
acid retention of serum has been applied to tissue suspensions. 

2. The rate of hydrolysis of acetylcholine by the second fifth of the 
sartorius muscle of Rana pipiens is three times that of the pehde fifth. The 
rate of hydrolysis of the third fifth is approximately tvdee that of the 
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pelvic fiflli. 'Inhere is an absolnic and relative difference, in tins respect, 
between the muscle of Rana pipiens and Rana csculenta, which suggests a 
difference in the distribution of motor endings in the two cases. 

3. It is not yet possible to state that the choline esterase which is present 
at the motor nerve ending will hydrolyse in the refractory period the acetyl- 
choline which is liberated there. 
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Maity studies have been made on the nature of uterine epithelium 
and the effect of endocrine secretions on it, but no chemical analyses have 
been reported on the product of these secretory cells, the uterine fluid. 
The amount of this fluid varies in different species. Long and H. M. Evans 
(1922) first described distention of the normal rat uterus with fluid w'hich 
accumulates in pro-oestrus and oestrus, with discharge during late oestrus. 
Warren (1938) found that about 18 times as much uterine fluid was present 
in pro-oestrus as in dioestrus; 3 w-eeks following surgical occlusion of the 
cornua in rats the average total amount of fluid in the uterus was 5.6 cc. 
De Marco (1930) using uterine fistulae in dogs found that pilocarpine 
stimulated the flow' of uterine fluid so that 0.5 to 1.75 cc. w'ere obtained 
per hour. E. I. Evans (1933) found scant amounts of fluid in the canine 
uterus. Schockaert and Dclruc (1938) determined the pH of the cervical 
mucus in w'omen. 

Methods. Chemical studies w'ere made on the uterine secretion of 5 
dogs, 6 rabbits and 18 rats. 

Physiological methods. Ether anesthesia w'as used for all surgical pro- 
cedures, w'hich consisted in preparation of uterine fistulae or closed seg- 
ments; except in the dogs with fistulae, all of the uterine fluids w'ere ob- 
tained by opening the abdomen surgicall}' and aspirating the uterus wdth 
a fine needle. 

In 3 dogs uterine fistulae w'ere made according to the method used by 
Reynolds (1930) for rabbits, and following healing, freshly prepared pilo- 
carpine hydrochloride, 6 mgm. in saline, w'as injected intravenously as a 
secretory stimulant. No fluid was obtained from the cervices unless the 
dog w'as in heat, so that stilboestrol 0.1 to 1.0 mgm. w'as injected intra- 
muscularly in all dogs daily. Subsequently in 2 of these animals a closed 
uterine segment was prepared by ligation of the uterus proximally and 
distally. In 2 additional dogs similar closed uterine segments were pre- 
pared by proximal and distal ligation of the uterine horns. Fluid was 
obtained from the closed segments by aspiration at w'eekly intervals. 

* This investigation was aided by a grant from the Christian Fenger Memorial 
•Fund. 
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Similar methods were used in the rabbits and rats, but insufficient fluid 
was obtained from uterine fistulae for chemical analyses so that secretion 
was secured from the closed segments in most cases. In these groups 
uterine secretion was obtained: 1, following uterine ligation alone (2 
rabbits, 5 rats); 2, uterine ligation and estrogen injection (4 rabbits, 10 
rats); and 3, estrogen injection without ligation (1 rabbit, 5 rats). In 
5 rats fluid was removed from the normal uterus during oestrus without 
preliminaiy ligation and in 5 rats estrogen was injected beginning 3 weeks 
following bilateral ovariectom 3 ^ As estrogenic material either stilboestrol 
0,1 mgm, or estrone 10 I.U. in oil was injected daily. 

Chemical methods. Water determinations were made by drjdng known 
weights of the fluid to constant weight at 105°C, Chloride was deter- 
mined by the method of Van Slyke (1923) as modified by Wilson and Ball 
(1928); sodium, by the method of Butler and Tuthill (1931); calcium, by 
the method of Kramer and Tisdall (1921) as modified by Clark and Collip 
(1925); and pota.ssium, by the method of Shohl and Bennett (1928) as 
modified by Eichelberger (1938). Glucose was determined by the method 
of Shaffer and Hartman (1921) as modified by Somogyi (1926); inorganic 
phosphorus, by the method of Fiske and Subbarow (1925). Total nitrogen 
and non-protein nitrogen were determined by the micro-Kjeldahl method 
of Koch and McMcekin (1924) and the proteins by multiplying by 6.25 
the total nitrogen corrected for non-protein nitrogen. pH was deter- 
mined with the glass electrode and the total CO 2 by the method of Van 
Slyke and Neill (1924) on fluid collected under oil. 

Results and discussion. Uterine fluid was foimd to be limpid, slightly 
opalescent and contained occasional epithelial cells on microscopic ex- 
amination. As compared with prostatic secretion obtained by pilocarpine 
stimulation after isolation of the prostate gland according to the technique 
of Huggins, Masina, Eichelberger and Wharton (1939), the fluid was 
scant in amount. The rate of secretion in dogs with uterine fistulae after 
pilocarpine stimulation was 0.2 to 0.4 cc, per hour; thus only several chemi- 
cal determinations were made on the fluid obtained at any one sitting of 
a few hours’ duration. 

In animals with closed uterine segments, larger quantities of fluid were 
obtained. The volume obtained from the 2 horns of the uterus of the 
rat varied from 0.2 to 1.4 cc.; of the rabbit, from 1 to 5.5 cc,; and from 7 
to 17 cc. in the dog. 

The chemical composition of uterine fluids is shoA\Ti in table 1. Points 
of similarity in the fluids from the dog, rabbit and rat uteri were the high 
content of water and sodium and the low protein content. Phosphate 
and glucose were present in veiy small amounts or absent. 

The uterine fluids of rat and rabbit resembled each other and were 
characterized by an alkaline pH, a high total CO 2 content, with the chloride 
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concentration being normal with respect to plasma. The uterine fluid of 
the dog differed from these in having an acid pH, a low total CO2 content 
and a high chloride concentration. 

TABLE 1 


Chemical composition of uterine fluid 



HiO 

pH 

CO: 

TOTAL 

N 

NPK 

PRO- 

TEIN 

Cl 

Na 

Ca 

K 

GLU- 

COSE 

INOR- 

GANIC 

P 

Dog 


gm. 


mM 

gm^ 

gm. 

gm. 

mil 

mil 

mil 

mil 

mgm» 

mil 

It 

98G 



Eli 

0.19 




4.7 

4.1 

0 

0 


985 





1.72 



2.8 

6.4 

80 

0 

2t 

986 

6.21 

3.0 

K 


1.25 

149 

165 



0 

0 

3t 

975 

6.26 

3.8 


0.11 


149 

164 





4t 

986 

5.91 

2.6 


0.27 

5.12 

156 

169 




ESI 

5t 

986 

6.05 

2.6 

1.76 

0.17 

9.94 

157 

161 





Average* 

984 





3.8 

167 

162 

CO 

5.2 

? 

CO 

0 

0-0.03 


Rabbit 


Uterine ligation 

983 

7.73 

55.3 

0.67 

0.44 

1.41 

91 

166 

7.9 

6.1 

0 

0 


981 


48.2 

0.94 

0.29 

4.0 

99 

150 

1.5 


160 

0.14 

Estrone 

980 






98 

191 






976 

7.73 

51.2 










Uterine ligation & 

976 

7.75 

48.4 








100 

0.20 

estrone 













Average* 

979 

7.78 

53.6 


0.37 

2.7 

98 

158 

4.7 

6.1 

0-160 

0-0.20 


Rat 


Stilboestrol injec- 

985 

7.68 






215 





tions 













Uterine ligation & 

979 

7.66 

61.8 

1.32 

0.29 

6.53 


123 

1.5 

4.3 

150 

0 

stilboestrol 






1.12 

98 






Ovariectomy and 

990 

7.32 





92 





0 

, estrone 













Average* 

982 

7.55 

61.8 



5.1 

98 

169 

1.5 

4.3 




Values expressed per liter of fluid. 

* Averages represent all of our data, not merely those represented in this table, 
t Uterine fistula, pilocarpine stimulation. 
t Uterine ligation, pilocarpine not used. 


The distribution of electrolytes in uterine fluids is thus different from 
that in serum and transudates, demonstrating that it is formed by the 
process of secretion. The low concentration of protein requires readjust- 
ments to be made to secure osmotic equilibrium. In all the animals sodium 
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was the cation present in largest amounts; the principal anion in fluid 
from the dog was chloride, bicarbonate being low; while in rat and rabbit 
the chloride was at scrum level and tlie bicarbonate concentration was high. 

It is notewortliy that the various procedures employed resulted in no 
differences in chemical composition in the same species and especially that 
the fluid obtained after stimulation with pilocarpine in dogs with uterine 
fistulae resembled that in the closed segment without drug injection. 

The similarity of rat and rabbit uterine fluids has been di.scu.ssed above. 
The uterine fluid of the dog, differing from these, resembles closely, how- 
ever, certain fluids of the genital tract in the male, notably prostatic fluid 
obtained after pilocarpine stimulation in dogs and spermatocele fluid 
obtained from the epididymis in man (table 2). Thus, there are recurrent 

TABLE 2 


Comparison of chemical composition of genital tract fluids 


i 

HiO 

pH 1 

i 

1 

COj 

1 

TOTAl.! 

N 

. i 

NPN 

pno- 

TEIK 

Cl 

Na 

Ca 

K 

CliU- 
■ COSE 

OANIC P 


Om, 


in.tf 


ifrri, i 

gm, ] 

mif 

mUr 

m^r j 

mil 

msm. 1 

mi! 

Rabbit uterine 








1 



i 


fluid i 

979 

7.78 

53.6 

0.8 

0.37 

2.7 

98 

1 158 

4.7 

6.1 

0-160; 

0-0.20 

Rat uterine fluid. 

982 

7.55 

61.8 

1.0 

0.29 

5.1 

98 

169 

1.5 

4.3 

0-150 

0 

Dog uterine fluid. 

984 

6.09* 

3.0 

0.8 

i 0.20 

3.8 

167 

162 

3.5 

5.2 

0-80 

0-0,03 

Dog prostatic i 


i 





1 

1 

i 





fluid* 

981 

6.16 

0.8 


! 0.22 

8.3 


1 159 

0.3 

5.1 

0-300 


Human sperma- 

i 

1 

1 


■ 



1 

( 



i 


tocele fluidf... - 

j 

7.13 

6.3 

mm 

0.26 

5.5 

1 139 

i 

1 

2.3 


j 0-tr. 

0 


Values expressed per liter of fluid. 

* Following pilocarpine stimulation: data of Huggins, Masina, Eichelberger and 
Wharton (1939). 

t Data of Huggins and Johnson (1933). 

regional chemical patterns in the fluids of the genital tract, one pattern 
seen in male and female dogs and the male human individual, while another 
is found in female rats and rabbits. The low content of glucose and 
phosphate in uterine fluids in the dog, rat and rabbit, in the prostatic fluid 
of dog and man, and in spermatocele fluid in man must be sharply con- 
trasted -with the high phosphate and glucose content of the human seminal 
vesicle first described by Huggins and Johnson (1933). 

In the rat the uterine horns were found to be atrophic and collapsed 3 
weeks after bilateral ovariectomy and became distended after estrogenic 
stimulation for 1 week. Analyses of the fluid showed it to be essentially 
the same as that in rats which had not been spaj’^ed or injected with estrone, 
demonstrating that estrogen alone as a hormone can produce in the uterus 
this characteristic fluid. 
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CONCLUSIONS 

Uterine fluids obtained from rats and rabbits resemble each other chem- 
ically. They have points of similarity to and difference from uterine 
fluid of the dog. The points of similarity are the high content of water 
and low concentrations of protein, glucose and inorganic phosphate; the 
piincipal cation is sodium. The fluids differ in that in the dog the pH is 
acid, total CO2 content is low and chloride relatively high, while the uterine 
fluid of rats and rabbits is characterized by an alkaline pH, high total CO2 
content, with the chloride concentration at the plasma level. 

No significant differences in chemical composition were detected in 
fluid obtained by pilocarpine stimulation from uterine fistulac or in closed 
segments mthout stimulation. Injections of estrogen alone in spayed 
rats produced the uterine fluid typical of the normal rat. 

Certain chemical patterns are seen in the similarity of fluids from various 
regions of the genital tracts of male and female animals. Thus rat and 
rabbit uterine .fluids are identical from an electrolyte standpoint and differ 
from dog uterine fluid, dog prostatic fluid obtained after pilocarpine stim- 
ulation and human spermatocele fluid, the last three resembhng each other, 
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A series of cardiovascular changes during the slow intravenous injection 
of magnesium salts has been previously described (11, 13), each event 
appearing during a characteristic range of concentration of magnesium in 
the serum. The relation between concentration on the one hand and 
changes in reflex activity and in neuromuscular transmission on the other 
forms the subject of the present study. 

Methods. Decerebrate cats were usually employed, with supplemen- 
taiy experiments on neuromuscular transmission in animals anesthetized 
wth sodium amytal. The muscles to be studied were isolated by appro- 
priate nerve and tendon section and the contraction recorded with a torsion 
wire myograph. The leg was held rigidly by drills fixed in the bone. A 
thyratron stimulator was used to give single or repetitive supramaximal 
break shocks at various frequencies. Magnesium sulfate in isotonic solu- 
tion was injected slowly into the femoral vein at a constant rate. Samples 
of serum obtained at intervals were analyzed for magnesium by a method 
previously described (14). Concentrations corresponding to particular 
effects were obtained by interpolation between determined values. In 
some experiments the ureters were tied to prevent urinary excretion. Arti- 
ficial respiration was emplo 3 'ed in all experiments after natural respiration 
failed and throughout the experiment when the thorax was opened. 

Results. The results of the entire series of experiments are summarized 
in table 1. The figures in parentheses represent individual values in 
different experiments. In figure 1 the concentrations at which repetitive 
shocks to the motor nerve just failed to produce a response are plotted 
against frequency of stimulation. 

Single twitches disappeared at concentrations ranging from 6 to 14 mEq 

1 Aided by Grant no. 388 from the Committee on Therapeutic Research of the 
American Medical Association, the Ella Sachs Plotz Fund and the Fluid Research 
Fund, Yale University School of Medicine. 

* A preliminary report was presented before the American Physiological Society 
at the New Orleans meeting, March 13-16, 1940. 
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per liter. At this level the muscle still responded to even the slowest 
tetanic stimuli. Twitches obtained from the quadriceps, the gastroc- 
nemius-soleus and from isolated strips of diaphragm all ga-s'e similar values. 
In experiments in which two of these muscles were stimulated simultane- 
ousl.y the twitches disappeared at the same time in both muscles. Con- 
centrations of magnesium .sufficient to induce failure of response to 
tetanic stimuli (fig. 1) varied with the frequency of stimulation, fast 
stimuli still being effective at concentrations far above those at which 
slower stimuli had ceased to act. Tetani of a given frequency failed 
in all different muscles at the .same time, just as did the twitches. 

Two special characteristics of partial neuromuscular block were noted. 
1. With partial neuromuscular block due to magnesium the characteristic 


TABLE 1 

The concertlralion of senuu magnesirati required for cxlinclion of neuromuscular 
Iransmission a7id certain reflexes 


CONCENTRA- 
TIOX OF 
MAGKESIUM 

IK SERUM 

FAILURE OF RESPOKSE 

1 TO STIMULATION OF MOTOR NERVE. ! 
1 rate OF STIMULATION j 

i 

FAILURE OF REFLEX 

mEq per 1.* j 

G-14 

12-15 ! 

1 i 

Single twitches 1 

Tetani at 20 per sec. 

Tendon jerks (8, 10, 12, 13) 

Crossed extensor and shortening re- 

15-20 i 

i 

Tetani at 40 per sec. i 

flexes (S, 14, 22) 

Natural respiration (17, 19, 20, 21, 22) 

20-25 

25-30 

Tetani at 60 per sec. ; 

Tetani at 100 per sec. ' 

Vibrissa and prima reflexes (20, 26, 

30-35 

Tetani at 200 per sec. 

27, 29) 

Corneal reflex (29, 30, .32) 


* In each experiment the sequence of neuromuscular and reflex failure given in 
this table took place as, progressively higher levels of serum magnesium were at- 
tained. The overlapping of serum magnesium values is due to variations in the 
absolute level in the several expenments. 

self inhibition (“Wedenskj’^" inhibition) of the tetanus appeared at lower 
frequencies and was more pronounced (figs. 2A, 2B). 2. Twitches which 

had previouslj^ been extinguished reappeared for a time following a tetanus. 
This “enhancement” or “post-tetanic potentiation” is illustrated in 
figure 2B. 

In everj"^ case reflexes were studied simultaneously with the neuromuscu- 
lar twitches and tetani. Therefore the point of extinction of each reflex 
was related not onlj'' to the serum magnesium value but also to the cessa- 
tion of neuromuscular activity in each individual experiment. The con- 
centrations were scattered over a considerable range. The knee jerk and 
other tendon jerks were the first reflexes to disappear, their failure coin- 
ciding with that of the neuromuscular twitches. A tetanic contraction 
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just after the knee jerks had disappeared caused them to reappear for a 
time, just as it caused the reappearance of direct neuromuscular twitches. 
No changes in other reflexes could be detected at this level. The cro.s.sed- 
extensor and .shortening reflexes failed at somewhat higher concentrations. 



Fig. 1. The concentrations of magnesium at which tetanic contraction disappeared 
are plotted against the frequenc 3 ’’ of stimulation in 3 individual experiments. The 
more rapid the stimulation, the higher is the concentration of magnesium neccssarj* 
to block a response. The values at 0 arc those for single twitches. 

Fig. 2A. Figure 2A represents a control experiment in which no magnesium had 
been injected. Each number indicates the frequenej' of stimulation of the tetanic 
contraction recorded just below it. Self inhibition, or “Wedensky” inhibition, 
occurs first at 60 per second. The interval between the initial contraction and the 
on.set of inhibition becomes progressive! j' shorter as the frequenej' of stimulation 
increases from 60 to 260 per second- |.j 

Fig. 2B is taken from the same experiment after m.agnesium had been injected 
until the concentration in serum attained 14 mEq per liter. Each numeral indicates 
the frequenej' of stimulation of the tetanic contraction recorded below it. Ordinates 
represent the tension developed bj' the muscle. Single shocks and slower frequencies 
of stimulation elicit verj' little response, and at higher frequencies Wedenskj' in- 
hibition is much more marked than in the control. At the extreme right is the record 
of the tetanic response to a stimulus at 20 per .second at the close of the e.xperiment. 
This tetanus was followed for a time bj* a return of the response to single stimuli, 
i.c., bj' "post-tetanie enhancement.” 

corre.sponding to the level of failure of .slow neuromu.seular tetani (fre- 
quency of about 20 per .second). At a little higher concentration natural 
re.spiration failed; .simultaneoush’’ neuromu.scular tetani at the rate of 30 
to 50 per second failed. The corneal reflex, the pinna reflex and the 
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vibrissa reflex (protrusion of inbrissae following stimulation of the ear) 
all persisted long after respiratory failure, disappearing onty when tetani 
at 60 to 100 per second failed. 

It was found that reflexes vdiich had disappeared could be brought back 
for a time if a brief neuromuscular tetanus MEre applied to the motor 
element of the arc. This is of couise the same “enhancement” as that 
previously noted as characteristic of partial neuromuscular block. The 
height of contraction of muscles directly stimulated was invariably found 
to be unaffected by magnesium injection. 

Discussion. The sequence in which the reflexes disappear (table 1) is 
quite different from that following the administration of a volatile anes- 
thetic or a barbiturate. With these anesthetics the Icnee jerk is especially 
resistant, while the corneal reflex disappears relatively early. Respiration, 
Avhich disappears so early after magnesium, disappears late in the course 
of the action of the ordinary anesthetics (8). This difference in effect on 
reflexes makes it probable that the locus of action of magnesium differs 
from that of most anesthetics. 

The order of disappearance of reflexes after magnesium is, however, 
correlated with the type and rate of discharge characteristic of the motor 
neurones comprising the motor element of the reflex arc. The reflexes with 
slow frequencies of discharge disappear first, those vdth higher frequencies 
later. Thus the knee jerk and other tendon reflexes are largely single 
twitches, each twitch being produced by a single discharge in most of the 
motor neurones taking part in the reflex (7, 10) . The flexion reflex, another 
twitch-like reflex (5, 7) is known to be abolished aHevels of serum magne- 
sium comparable with those reported here for twitches and tendon jerks (3). 
The crossed-extensor reflex and the shortening reaction in quadriceps or 
soleus is largely mediated by rhythmic discharges at rates varying from 
10 to 20 per second (2, 5, 6, 10). ■'Respiration is mediated in the diaphragm 
by impulses from phrenic motor neurones discharging 25 to 30 times per 
second (1), with normal breathing, somewhat more rapidly with forced 
breathing. The rate of impulses in muscles of the eye, ear and vibrissae 
is not known, but there is indirect evidence that they may be 100 or more 
per second (4). 

If these characteristic rates of discharge of the different reflexes are 
compared with the concentrations of magnesium at which neuromuscular 
tetani of the same rate fail (table 1), an excellent correlation is disclosed. 
Thus twitch-like reflexes fail when twitches fail, slow tetanic reflexes fail 
with slow neuromuscular tetani, and rapid tetanic reflexes and rapid neuro- 
muscular tetani disappear together w^hen much higher levels are attained. 
The suggestion is clear that reflexes fail because of neuromuscular block 
rather than because of an action of magnesium on the central nervous 
system. This interpretation is strengthened by the observation that 
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twitch-like reflexes may be made to reappear by neuromuscular tetani of 
their motor elements. If failure of the reflexes were due primarily to block 
at the central synapse, no procedure affecting only the peripheral neuro- 
muscular mechanism could possibly restore the reflex. 

Experiments such as these do not in anj’- way exclude an effect of mag- 
nesium on the central nervous sj'stem. The demonstration by Peck and 
Meltzer (12) that anesthesia may be produced in man by the injection of 
magnesium is unequivocal evidence that such a central effect does exist. 
They do, however, indicate that magnesium affects muscular activity 
mainly through its action on the neuromuscular junction and not through 
its action on the central nervous system. 

The possibility must be considered that the curare-like action of mag- 
nesium excess is in some way the converse of the tetany of magnesium defi- 
ciency. The tetany of animals depleted of magnesium is peculiar because 
it is not necessarily associated with low magnesium in serum, is not imme- 
diately relieved by injection of magnesium and is not prevented by 
curare (9). Failure to abolish these convulsive seizures by curare places 
the site of disturbance in the muscles themselves, beyond the myoneural 
junction. Since the response of muscles stimulated directly rather than 
through their motor nerves is unaffected by excess of magnesium, the locus 
of action of magnesium excess must be the myoneural junction itself. This 
difference in point of action suggests that the phenomena of magnesium 
excess and those of magnesium deprivation are not intimately related. 

The conclusions drawn in this study are not in agreement ivith those of 
Bryant, Lehmann and Knoefel (3). These authors, using the spinal dog, 
found that the flexor response to single induction shocks failed while the 
skeletal muscle still responded to stimulation of its motor* nerve. From 
this observation they concluded that the action of ma^esium is primarily 
central. Our experiments show that this conclusion would be justified 
only if the type and rate of stimulation of the skeletal muscle is identical 
with that produced by the natural reflex, since the level of extinction of 
response to neuromuscular stimulation varies so much with frequenej'' of 
stimulation. These workers do not spec'ify the type of stimulation used to 
stimulate the skeletal muscle, so it is not possible to decide whether or not 
this is actually the cause of the apparent discrepancy between their 
results and ours. 


CONCLUSIONS 

1. Concentrations of magnesium at which neuromuscular transmission 
failed and concentrations at which various reflexes disappeared were deter- 
mined in the cat. 

2. The greater the frequency of stimulation, the higher is the concentra- 
tion of magnesium necessary to block transmission. 
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3. It is probable that magnesium affects muscular activity bj’’ blocking 
neuromuscular transmission rather than by means of its depressant action 
on the central nervous system. 
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An early report of the oral treatment of adrenal insuflSciency ttdth 
adrenal cortex ts*as given by Osier in 1896 (1). He apparently success- 
fully treated a case of Addison’s disease with a glycerol extract of pig 
adrenals. With the preparation of epinephrine-free biologically active 
extracts of the adrenal cortex, adrenal insufficiency has for the past several 
yearn been quite commonly treated by parenteral administration. Groll- 
man (2) reported the successful treatment of adrenal insufficiency in rats, 
also, by the oral administration of a charcoal adsorbate. 

In a previous report (3) we described a rat method of a-ssaylng adrenal 
cortex extracts and noted that adrenalectomized rats could be successfully 
maintained by administration of the extracts in the drinking water, and 
that such administration gave better growth response than subcutaneous 
injections. Later reports (4, 5) present further evidence that the adren- 
alectomized rat is a suitable test animal for the assay of adrenal cortical 
extracts, and that these extracts, orally, are capable of maintaining the 
test animal, as Thorn et al. (6) have also found for the adrenalectomized 
dog. In one of these reports (5) an "oral rat unit" is described. 

Recent clinical reports (7, 8) have called attention to the effectiveness 
in the human .subject of orally administered adrenal cortical hormone prep- 
arations. Some clinical data (7) indicate that, on the basis of gland equiv- 
alence, the administration of the oral preparation is more effective than 
parenteral injection of the aqueous sterile solution. A study of parenteral 
and oral assays of adrenal cortical hormone material is therefore desirable. 

The present study is concerned v.dth a direct comparison of parenteral 
and oral assays of adrenal cortex concentrates in the 4-weeks-oId adrenalec- 
tomized white rat. The comparative effectiveness of the more active 
cry^stalline substances of the adrenal cortex, corticosterone, dehydro cortico- 
sterone, and desoxj’-corticosterone, has also been studied, and the cortical- 
hormone activity in rat imits quantitatively determined by subcutaneous 
injection, as well as by administration by stomach tube. 

Experimextal. The composite extracts of the adrenal cortex which 
were used and which so far as w'e know’^ contain all the cortical hormone 
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active substances present in the gland, were prepared from beef suprarenal 
glands by the process previously reported (9). 

For the determination of the parenteral and oral activity of desoxycorti- 
costerone acetate, the synthetic material was used. The corticosterone 
and dehydrocorticosterone were obtained from the least water-soluble 
fraction of a gland extract by procedures previously described (10). 
They were isolated in pure form and identified by their melting points, 
analyses, and specific rotations. 

Methods. The composite extracts were assayed parenterally as pre- 
viously described (3). For the determination of their oral effectiveness 
they were assayed both by administration in the drinldng water and by 
administration by stomach tube. For assay by drinldng water adminis- 
tration, the daily dose of hormone was added to the estimated amount of 
water the rat would drink over a 24 hour period. All assays were carried 
out over a 20 day period, hormone administration being ivithdrawn on the 
20th day. The rat units per cubic centimeter of extract were estimated 
as described in the previous report, one rat unit being the minimum 
daily dose of hormone which, administered daily for 20 days to 4-weeks- 
old male rats weighing 50 to 60 grams, is suflScient to protect at least 80 
per cent of the rats and produce an average growth of at least 20 grams 
for the 20 day period. 

Since administration in the drinking water depends on the voluntary 
consumption by the assay animal, it might be objected that quantitative 
results can not be obtained, and that a “minimum daily dose” can not 
therefore be accurately determined. We have, therefore, also carried 
out assays by administering the extracts once daily by stomach tube. 
Since in deterihining the rat unit parenterally one daily subcutaneous 
injection is given, the most comparable oral determination of rat units 
can be obtained by one daily administration by stomach tube. We find 
that a small gauge soft rubber catheter can easily be pushed down a small 
rat’s esophagus, and that oral administration can thus be as easily carried 
out as subcutaneous injections. 

The care of the rats, the diet, and the technique of removal of the adrenal 
glands are the same as previously described (3). 

Results. In table 1 is given a summary of the assays of several 
adrenal cortex extracts. It can readily be seen that, whether the extracts 
are assayed parenterally, by subcutaneous injection, orally, by either 
stomach tube administration or drinldng water administration, the result 
in rat units per cubic centimeter of extract is the same. Adrenal in- 
sufficiency in the young adrenalectomized rat can therefore be controlled 
equally as well by oral administration of cortical extracts as by parenteral 
administration. For each assay in table 2 at least 10 rats were used. 
The routine procedure was to administer 0.3 and 0.4 cc. of the extracts per 
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rat per day for the 20 day period. In some cases 0.2 cc. doses were also 
given. If an extract failed to pass the test at 0.3 cc., but passed at 0.4 
cc., it is reported as having 3.0 rat units per cc., the average of 3.3 and 
2.5 being practically 3. If the extract passed well at both doses, 0.3 cc. 
and 0.4 cc., it is reported to have 4.0, the average of 5 and 3.3, rat units 
per cc. Nearly all extracts failed to pass the test at 0.2 cc. per rat per 
day, except in a few instances (51-5 and 54-5). Any extract which barely 
passed the test at 0.3 cc. is reported as containing 3.3 rat units per cc. 

In table 2 are given the results of the parenteral assays of the pure 
crystalline substances, corticosterone, dehydrocorticosterone, and desoxy- 
corticosterone. The substances were administered in olive oil solution, 

TABLE 1 


Comparison of parenteral and oral assays of adrenal cortex extracts 


PBEPAHATION ' 

PAIIENTERAL AS3ATS 

ORAL ABSAT8, RRINKIKO 
•VTATEn ADMnnSTRATIOK 

BTOSIACn TUBE 
ACinKlSTRATlON 


rat untie per cc. 

rat unite per cc. 

rat units per cc. 

51-5 

5.0 

5.0 


54-5 

4.0 

5.0 


47-5 

4.0 

<5.0 


288-5 

3.3 

4.0 

4.0 

43A-6 

3.0 

3.0 


44-6 

4.0 

4.0 


45A-6 

3.0 

3.0 

3.3 

48-6 

3.0 

3.0 


52-6 

4.0 

4.0 


55-6 

3.0 

3.0 


291-6 . 

4.0 

1 4.0 

4.0 

9-6 

3.0 

3.0 

3.3 

13-6 

4.0 

4.0 

4.0 

29-6 

3.0 


4.0 

292-7 

3.0 


3.0 

66A-6 

4.0 

4.0 



and the concentrations were such that at all dosage levels 0.2 cc. of the 
oil solution was injected. It is apparent from the tabulated assay results 
that, parenterally, corticosterone assays 6 rat units per mgm., while ac- 
cording to our available data dehydrocorticosterone assays about 4 rat 
units per mgm. Desoxycorticosterone acetate, however, assays 35 rat 
imits per mgm. by subcutaneous injection. 

In table 3 are tabulated the results of the oral assays of the pure sub- 
stances. For these oral assays the substances were also dissolved in olive 
oil and again the concentrations were adjusted so that the one volume of 
0.2 cc. was administered at all dosage levels. As with the composite 
crude extracts, so with corticosterone, the parenteral and oral assays in 
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rat units are the same. Dehydrpcorticosterone apparently is somewhat 
more active orally -than by injection, assaying orally . 6 rat units per mgm. 
and parenterally 4 . rat . units per mgm. - Desqj^corticosterone acetate, 
however, differs very strikingly with respect to oral effectiveness. 'i^T^iereas 
parenterally the, substance assaj^s 35 rat units per mgm., orally it fails to 

‘ ■ TABLE 2 '• 


Parenteral assays of crystalline adrenal cortex substances' 


STJBSTANCE 

DAILY 

DOSE 

NtIMBEn 
OF DATS 
INJECTED 

NUMBER , 
OP RATS 
BURVmNQ 
20 DAYS 

AVERAGE , 
GROWTH 
IN 20 DAYS 

AVERAGE 
, SURVIVAL 
AFTER 
LAST IN- 
JECTION 

1 

RAT UNITS PER 
MGM, OF 
SUBSTANCE 





grams 

days 


Corticosterone 


5 

5 

29 

4.0 

>4L 



5 

2 

13.5 

2.0 

<8/® 

Dehydrocortico- 

0.5 

3 

2 

29 

■6.5 

■ >2] 

, sterone 

0.25 

5 

4 

21 

4.0 

414 


0.125 

3 

0 



<8] 

. t 

Desoxycortico- 

0.05 

5 

5 

34 

5.0 

>20] 

sterone acetate ’ 

0.033 

'5 

5 

34 

6.2 

>30135 


0.025 

5 

• 3 . 

30 

8.0 

<40j 


TABLE 3 

Oral assays of crystalline adrenal cortex substances 


■ SUBSTANCE = 

DAILY 

DOSE 

NUMBER 
OF RATS 
INJECTED 

NUaiBBR 
OP RATS 
sxmviviNG 
20 DATS 1 

average 

GROWTH IN 
20 DATS OP 
20 DAT 
BGRVIVAI.B 

AVERAGE 
SURVIVAL 
AFTER LAST 
INJECTION 

RAT UNITS PER 
MOM. OF 
SUBSTANCE 


mgm. 



grams 

days 


Corticosterone 

0.25 

9 

• 9 

26 

7.0 



0.125 

5 

• 0 

, ’’ 


<8/® 

Dehydrocortico- 

0.25 

5 

5 

1 

.25 

6.2 

^^\6 

sterone 

0.125 

■ 5 

i « 



i, . 

Desoxycortico- 

0.033 

6 

0 



<30 

■ sterone acetate ' 

0.10 

6 

0 



<10 


0.20 

6 

0 

i 


. <5 


1.0 

• ^ 

3 

> 11 

6 

.<1 


pass the test even at 1 rat unit per mgm. This substance is therefore less 
than one-thirty-fifth as effective orally as parenterally in the young 
adrenalectomized rat. This animal therefore can completely utilize 
orally administered corticosterone, while desoxy corticosterone acetate 
administered orally can scarcely be used at all.' This is very interesting 
in view of the fact that the substances are so nearly alike cheriiically. 
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To determine whether desoxyeorticosterone is excreted in the feces and 
is therefore unabsorbed, the fecal material of the 5 rats that received 1 
mgm. daily of the synthetic by stomach tube was collected for one week, 
from the 7th to the 14th day, and extracted with acetone. The acetone 
soluble material was dissolved in ether, and the ether solution washed first 
wth dilute HCl, then vith 1 per cent NaaCOs solution, and finally vith 
water, after which it was dried with anhydrous MgS04. The ether soluble 
substance was transferred to 22 cc. olive oil and the solution injected 
subcutaneously at 0.2 cc. per rat per day into a group of 5 adrenalectomized 
rats. The average survival period of this group of 5 rats was 7.8 days as 
compared with 7 days for a control group. There was therefore no 
adrenal cortical hormone activity in this fecal extract, and since the de- 
soxycorticosterone acetate assayed 35 rat units per mgm. when adminis- 
tered subcutaneously, there certainly must have been excreted less than 
3.3 mgm. of the substance by the entire group of 5 rate for the 7 day period. 
Since 35 mgm. had been administered over this same period, it would ap- 
pear that most of the substance was destroyed in the gut. 

Discussion of results. Difficulties of oral administration by mixing 
extracts with the food have been pointed out (5). Since mixing the daily 
dosage with the drinking water or food makes the hormone intake too 
dependent "upon the voluntary consumption of food by the assay animal," 
we have administered the extract by stomach tube. By such single 
daily oral administration the minimum requirement of the composite 
gland extract is the same as by single daily subcutaneous injection. The 
rat unit as previously defined by us* can therefore also be used to express 
adrenal cortical hormone activity by oral assay. It only becomes neces- 
sary when stating rat unite of a certain extract or substance to designate 
whether the substance was assayed orally or parenterally, since we know 
of at least one single pure substance which is less active orally than paren- 
terally. 

According to Grollman (11), 1 mgm. of desoxyeorticosterone acetate 
per rat per day, orally or parenterally, is effective in maintaining normal 
growth in adrenalectomized rate. Our data do not support such a con- 
clusion. According to our rat method of assay, this synthetic substance 
is less than one-thirty-fifth as active orally as parenterally. It was found 
orally to assay even less than 1 rat unit per mgm. DeFremery and Span- 
hoff (12) have also reported that orally, "negative reactions only were 
obtained with even as much as 500 gamma daily.” In this respect, there- 
fore, the synthetic substance differs markedly not only from the natural 

^ A rat unit is defined as the minimum daily dose of hormone which, administered 
daily for 20 days to 4-weeks-old rata weighing 50 to 60 grams, is sufficient to protect 
at least 80 per cent of the rats and produce an average growth of at I east. 20 grams 
per rat for the 20 day period. 
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extract, which is just as active orally as by injection, but also from the 
pure substances, corticosterone and dehydrocorticosterone, which are at 
least as active orally as parenterally. 

SUMMARY 

A method of assaying adrenal cortex extracts by stomach tube ad- 
ministration is described and it was found that by oral administration, 
the gland extracts assayed the same as by parenteral administration. 

Corticosterone and dehydrocorticosterone are also as effective orally as 
parenterally. 

Desoxycorticosterone assayed 35 rat units per mgm. parenterally by 
subcutaneous injection, but orally this substance assayed less than 1 rat 
unit per mgm. 

Cortical hormone activity could not be demonstrated in the feces of the 
rats that had received desoxycorticosterone acetate by mouth. It ap- 
pears, therefore, that this substance is destroyed in the gut. 
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Since BaylLss (1902) published his obsei-vations on the activation of the 
dorsal root dilators to the legs by stimulation of the depressor nerve, the 
explanation and indeed the very existence of the phenoinenon have been 
extensively debated by anatomists and physiologists. A review of the 
literature has recently been presented by Hinsey (1939). Reflex increases 
in the volume of a sympathectomized but otherwise intact leg of the dog 
have been reported by Fofanow and Tschalussow (1913) and by Toumade 
and Malm6jac (1933). Rosenblueth and Cannon (1934), though they 
emphasize that reflex changes in the blood pressure of sympathectomized 
animals may be explaiped on the assumption that the dorsal roots are 
capable of reflex activation, were unable to demonstrate changes in limb 
volume which would account for the alterations in blood pressure. Down- 
man et al, (1939) report that the vasomotor responses of cats’ paws, re- 
corded optically from plethysmographs, are abolished by sympathectomy. 
The evidence derived from manometric determinations of blood flow is 
divided between that of Bacq, Brouha and Heymans (1933) and of Derom 
and Crimson (1939); who obtained negative results, and that of Bishop, 
Heinbecker and O’Leary (1933), who, with a rather more intricate tech- 
nique, obtained changes attributed by them to activation of dorsal root 
dilators. 

Skin temperature experiments have been negative (Hinsey et al., 1934, 
1938; WybauAV, 1938), a fact all the more important in view of the una- 
nimity of opinion that the dorsal root dilators are almost exclusively 
distributed to the skin. 

In view of the uncertainties, it seemed worthwhile to reinvestigate the 
experiments of Bayliss, especially since he himself emphasized the difficulty 
of demonstrating the phenomenon, and since he was unable to obtain 
completely satisfactory control observations. The follo^ving experiments 
were therefore designed to obtain records during vasomotor reflexes of the 

^ Fellow of the Rockefeller Foundation from France. 
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A^olume changes of a sympathectomized paw simultaneously with those of 
a completely denervated one. 

Method. Cats oi’ dogs anesthetized with dial (8 cats, 3 dogs) or ure- 
thane (8 cats, 3 dogs) were used. The lumbar sj’^mpathetic chains were 
removed from the third or fourth post-thoracic ganglion to the brim of the 
pelvis either on the day of the experiment or one to three weeks previously. 
Tour of the cats Avere totally sympathectomized one to three months before 
the experiments. In order to minimize the fall of blood pressure produced 
by depressor stimulation, evisceration was performed in fiA’-e of the cats and 
four of the dogs as recommended bj'- Bayliss (1902). The adrenal glands 
AA'ere tied off in about one-third of the experiments. Deneiwation of a 
paAA' AA'as effected by cutting the sciatic nerve at its emergence from the 
pehus and the saphenous nerve in the femoral triangle. 

In order to obtain reflex A'^asomotor effects, Amrious neiwes Avere stimu- 
lated. In the dogs, careful dissection of the A’ago-sympathetic trunk 
usually reA’’ealed a bundle of fibers, someAA'hat grejush pink in color, aaTIcIi 
had predominantlj’- depressor effects (suggested by Dr. Stanley Nowak). 
In other experiments the left A'agus and depressor, the nerve of Hering, 
or the median Avere employed. Stimulating ciu-rent AA'as supjilied by a 
Haiward Inductorium AA'ith 3 or 4? volts in the primai-j' circuit. 

Since the dorsal root dilators haA’’e been found to be distributed primaril}’’ 
to skin areas, plethysmographs AA'ere designed to record changes in volume 
of the hind paAVS of the animals, as this region offers the greatest skin- 
muscle ratio of the limbs. Glass cylinders AA'hich just alloAA’-ed the foot 
to enter AA'ere used and sealed around the foot Avith heaA'y A'aseline Avell 
rubbed into the hair. In Iaa'o acute experiments, performed on cats, muscle 
A'olume tracings AA'ere obtained from a conical metal plethysmograph, 
AA'hich Avas buried under the skin of the thigh. The chambers AA'ere 
connected by heaA’y rubber tubing to small segment capsules carrying a 
mirror at one side for optical recording. Calibration of each system AA’as 
effected through a permanent side-arm connection AA’ith a straight 1 cc. 
pipette partially filled Avith mercuiy and fitted at the loAA'er end Avith a 
closed rubber tube. Compression of the tube by a screAA' clamp, by raising 
the leA'el of the mercuiy in the glass, had the effect of injecting a knoAvn 
A'olume of air into the plethysmograph .system. This arrangement also 
proA'ided a ready means of testing the recording system for air tightness. 
At the beginning of all experiments, and scA'eral times throughout their 
course, the plethysmographs AA’ere deflected to the limit of the recording 
scale ly the introduction of air and obserA'ed for seA'cral minutes. Only 
if this test shoAA'ed the plethysmograph seals to be tight AA’ere the records 
considered A'alid. 

Since a rubber membrane sei'A'ed as the recording dcA'icc, the measure- 
ments AA’ere not strictly A'olumetric, but none of the A'olume changes ob- 
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served involved a pressure change of more than 1,5 cm, of water. The 
slight theoretical disadvantage entailed Avas more than compensated for 
by the fact that the system was virtually inertial ess when compared with 
volumetric recoi-ders of comparable convenience. The sensitivity with a 
recording distance of 1 m, was such that 0,001 cc. change in volume 
equalled appimimately 1 mm. on the record, and that a measurable 
change of paw volume showed readily with each heart beat. Active 
changes of caliber in the paw vessels could thus be estimated not only by 
modifications in the volume of the paw but also by changes in the pulse 
amplitudes. Passive changes of paw volume, especially those due to 
changes in venous pressure, gave little or no change in the pulse ampli- 
tude. Blood pressure was recorded optically from the carotid artery by a 
membrane manometer in the usual Avay. 



Fig. 1 Fig. 2 

Fig. 1. Negative efTect in dog. Dial ane.sthe.sia, acute lumbar sympathectomy, 
evi.sceration, adrenals excluded, both vagi cut. Faradic stimulus during signal 
to left depres.sor nerve centrally, coil 7.o cm. Upper tracing intact paw, lower 
tracing totally denervated paw, broad tracing blood pressure. Time in seconds 
in this and .succeeding figure.s. BP: blood pressure. 

Fig. 2. Negative efTect in cat. Dial anesthesia, chronic bilateral lumbar sj'mpa- 
thectomj' (.3 weeks’ duration). Left vagus stimulated centralb', coil 10..5 cm. 
Reading downwards; blood pressure, sympathcctomizcd paw, acutely denervated 
paw. * 


Results. The experiments failed to demonstrate any changes in 
paw volume which could be attributed to reflex stimulation of the dorsal 
root dilators. The usual re.sult of stimulating either depressor or carotid 
sinus nerves in the animals Avith lumbar sympathectomy Avas a fall in 
blood pres.sure (slight in the eAuseerated preparations) accompanied by a 
decline in A’olume of the paAA's. The shrinking of the totally dencrA'ated 
side AA'as, AA'ithin the limits of the method, comparable to that on the .side 
AA'ith sympathectomy only (figs. 1 and 2). This Avas true in spite of the 
fact that in many of the experiments, of AA’hich figure 1 is typical, the fall 
of blood prc.ssure on depressor stimulation Avas A'eiy small OAAung to the 
exclusion of the splanchnic area from the circulation. Passhm effects AA'ere 
thus minimal as shoAvn by the slight fall in the A'olume of the denerAmted 
paAv. In contrast Avith these negativ'c effects, it Avas ea.sy to demonstrate 
the Avell-knoAA'n reflex inhibition of the A'asomotor tone in paAA's AAuth intact 
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sympathetic supply, even in the face of much greater falls of blood pressure 
and shrinking of the denervated control paw. 

Passive effects only Avere obseiwed in the tAVO experiments employing a 
muscle plethysmograph on an acutely sympathectomized thigh (cf, 
Jarisch, 1925). 

An objection may be raised to the experiments in Avhich the sympathetic 
chains Avere remoA'cd at the time of the experiment. It might be said that 
the A^essels acutely dcprh'ed of their A'asocontrictors Avould be maximally 
dilated and thus unaiile to respond to a reflex activation of the dorsal 
roots. It is Avell knoAvn (Bayliss, 1902), hoAveA'er, that such A^essels do 
respond to direct stimulation of dorsal roots, a fact Avhich Avas confirmed 
in the only tAvo experiments of this sort attempted in this series (cats). 

Rarely in the cats (3 out of 16) and more commonly in the dogs (4 out of 
6) increases in the Amlume of the sympathectomized paAV Avere encountered. 
At some stage in the experiment, the usual passiA'e fall in paAv Amlume con- 


to 

o 

c> 
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Fig. 3. False-positive effect in dog. Urethane anesthesia, acute lumbar sympa- 
thectomy, evisceration, both Amgi cut. Depressor stimulation coil 10 cm. Reading 
downwards: blood pressure, sympathectomized paw, denervated paw. P; plethys- 
mograph volume change in cubic centimeter. 

sequent to depressor stimulation gaAt^e Avay to a rise in Amlume. , This rise, 
hoAveAt’er, generally took place in both the sympathectomized and the 
totally deneiwated paAv. The increase in Amlume usually began about 20 
to 30 seconds after the onset of stimulation, and continued until 10 to 20 
seconds after stimulation ceased AA-hen a sIoav decline to the preAuous base- 
line set it. Figure 3 illustrates the most striking instance. The effect 
Avas inconstant, but in the dogs was repeatable to a greater or less degree 
at least three or four times during the experiment only to disappear AAathout 
obseiwable cause. The time relations suggest a humoral origin, but it 
occurred in seA'^eral preparations in AA'hich the adrenals AA'ere ligated. 

Changes in rate and depth of respiration brought about by depressor 
or carotid sinus stimulation could not be definitely correlated AAuth the 
increases in paAV Amlume, since the latter occurred during both increases 
and decreases in respiratory actiAuty, and in one animal AAuth bilateral 
pneumothorax and artificial respiration. 

Discussion. Bayliss and othei-s haAm pointed to the occasional increase 
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in volumo of sympatlieclomized limb.s seen during depressor stimulation 
as evidence of true reflex activation of dorsal root dilators. The experi- 
ments presented liere show that when such changes take place, entirely 
similar changes may occur simultaneously in completely denervated areas, 
and therefore seriously impair the cogency of the existing plcthy.smo- 
gi-aphic evidence as applied to this problem. As was pointed out in the 
introduction to this paper, other direct methods of investigation have al- 
most Avithout exception yielded negative results. The only other serious 
support for true reflex activation of dorsal root dilators is to be found in the 
indirect evidence educed from the reflex changes of blood pressure in 
sjnnpathectomized animals (Freeman and Roscnblueth, 1931; Rosenblueth 
and Cannon, 1934; Pinkston, Partington and Rosenblueth, 1936). This 
puzzling phenomenon may, however, find an explanation on other grounds, 
although attempts to do sf) have not so far been satisfactoiy (cf. Brown, 
1940). 

Various theoretical considerations may be mentioned which militate 
against the view that the dorsal I'oot dilators participate in reflex adjust- 
ments of blood pressure by the circulatoiy proi)rioceptors. The dilator 
fibers in the dorsal I'oots haAX* been shown to belong to the slowly con- 
ducting “C” group (Hinsey and Ga.sser, 1930). Anatomically (Ranson 
and Billingsley, 1916) and physiologically (Clark, Hughe.^ and Gasser, 
1935; Hcinbccker and Bishop, 1935) this component of the dorsal roots 
has been shown to be concerned with pain sensation, and there are no 
grounds for belicAung that a specific portion of it is rescrA'cd for a vasomotor 
function. In fact the classical diagram of the axon reflex assumed the 
identit}' of the dorsal root dilators with sensoiy fibers. If this assumption 
is correct, it is hard to see how their central activation could take place 
without alteration of the normal .synaptic activity involved in the trans- 
mission of pain. 

The researches of Lewis (1927) and othci’s have shown that the dorsal 
root dilators are principally concerned with localized reactions in response 
to damaging stimuli (i.e., inflammation). In accordance with this, 
responses evoked by direct stimulation have a relatively long latency and a 
long duration, up to fifteen minute.s. Bayliss, obseiwing this long dura- 
tion, dismissed it as due to congestion from the pressure of the pleth3'Smo- 
graph cuff, but later obseiwations with other techniques have established 
the phenomenon (Langlejq 1923; Wybauw, 1936; Lewis and Man'in, 
1927). 

The properties listed above would apparentlj' render the dorsal root 
dilators unsuited for the purpose of making reflex adjustments of the blood 
pressure in response to the ever changing stimuli supplied by the receptors 
in the aortic arch and carotid sinus. 

It is unfortunate, though unimportant for the present argument, that 
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"vve are unable definitely to state the origin of the dilator reactions observed 
in totally denervated paws. The caliber of blood vessels is of course in- 
fluenced by many non-nervous factors one or more of which may account 
for the results obtained in this and other investigations. Whatever the 
nature of these effects, it- seems clear that a dilatation observed- in a sym- 
pathectomized hindlimb during a fall of blood pressure is not sufficient 
evidence that an extrasympathetic nervous control is in operation. We 
conclude that the theory that the vasodilator fibers in the dorsal roots can 
be activated reflexly from the central nervous system lacks any adequate 
direct support. . 


smaiARY 

Simultaneous recording of the volume of a sympathectomized and of a 
completely denervated paw during reflex depressor stimulation revealed ho 
differences between the reactions of the blood vessels of the two sides, 
although both increases and decreases" of paw volume were produced. •' 
It is concluded that the existing evidence does not favor the concept of 
reflex activation of the dorsal root dilatom. 
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One of the characteristic symptoms of scurvy is the lack of intercellular 
material in the bones and the ease with which the bones of guinea pigs are 
fractured. Observations of this condition aroused our interest in the pos- 
sible relation between ascorbic acid and calcium content of the blood and 
the phosphatase activity of the serum. This problem therefore has been 
investigated using groups of guinea pigs receiving a high ascorbic acid 
intake, a subnormal and a very low ascorbic acid intake. 

Methods. Experimental animals. Healthy guinea pigs, six to eight 
weeks of age, and weighing 280 to 300 grams were fed a vitamin C-free 
basal diet supplemented ^vith different amounts of ascorbic acid. The 
basal diet consisted of rolled oats 36 per cent, bran 18 per cent, heated 
skim milk powder 30 per cent, dried yeast 5 per cent, hydrogenated fat 
(Crisco) 8 per cent, cod liver oil 2 per cent, sodium chloride 1 per cent. 
The experimental period lasted 34 days and at the end of that time the 
animals were destroyed and scored for scurvy by the method of Sherman, 
LaMer and Campbell (1922). 

Determination of ascorbic add. The ascorbic acid content of the ox- 
alated blood plasma was determined by the micro-method of Farmer and 
Abt (1936) with an accuracy of ±0.08 mgm. per 100 ml. of plasma. 

Determination of serum calcium. Serum calcium was determined by the 
Tisdall (1923) modification of the Kramer and Tisdall (1921) method, but 
with the exception that the wa.sh solution Avas added to the surface of the 
precipitate and not mixed with it. By this method 98 per cent of added 
calciiun was recovered. 

Determination of serum phosphatase. Phosphatase activity was de- 
termined by the King and Delory (1937) micro-method and is expressed 

‘ Published as scientific paper no. 458, College of Agriculture and Agricultural 
Experiment Station, State College of Washington. 

* The data in this paper have been taken from a thesis submitted by W. Brewer in 
partial fulfillment of the requirement for the degree of master of science, 1939. 
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as units per 100 ml. of serum. Each unit is equal to the milligrams of 
phenol liberated from a di-sodium phenyl phosphate substrate in 15 
minutes at 37®C. and pH 9.0. Color comparisons were made in a Duboscq 
colorimeter. The micro-method was chosen because of the small amount 
of serum required. According to King and Delory, the results obtained 
by this method are quantitatively equal to those obtained by the macro- 
method of King (1934). Brown (1936) in a comparative study of the 
different methods of phosphatase determination found that the method 
of IQng (1934) gave results consistent -with those obtained by the Bodansky 
method (1932). 

Blood samples. For the ascorbic acid determinations, blood was taken 
from the heart of the etherized animal using a S5Tinge which had pre- 
viously been rinsed with a 2 per cent solution of lithium oxalate. For the 
serum calcium and phosphatase determinations the throat of the animal 
was severed and the body drained of blood. Ether was reported by 
Bovman and Muntivyler (1937) to cause an increase in the amount of 
ascorbic acid excreted in the urine, and Ecker (1938) reported that there 
was a rise in serum ascorbic acid after ether anesthesia. Since ether might 
possibly have caused a change in the level of the blood constituents being 
studied a preliminaiy investigation was made ^vith blood samples taken 
without ether and after 15 and 45 minutes under ether anesthesia. Plasma 
ascorbic acid and serum phosphatase were determined under these con- 
ditions, but insufficient blood was obtainable from each animal for similar 
studies on calcium content. 

Plasma ascorbic acid values of blood samples taken from four animals 
without ether were 0.41, 0.30, 1.03 and 0.46 mgm. per 100 ml. whereas 
after seven minutes under ether anesthesia the plasma values were 0.44, 
0,30, 0.97 and 0.44 mgm. per 100 ml. respectively. There was a rise 
in the plasma ascorbic acid content after 45 minutes of ether the respective 
values being 0.56, 0.36, 1.17 and 0.58 mgm. per 100 ml. Since there was 
no appreciable change in plasma ascorbic acid in seven minutes of ether, 
all blood values reported in this paper were taken within seven minutes 
of the time when ether was first given. 

Determination of serum phosphatase activity of blood samples from 
three animals showed the folloiving values: without ether, 9.2, 14.4, 12.0 
units per 100 ml.; under ether for 15 minutes 9.5, 14.1, 11.5 units per 100 
ml. and under ether for 45 minutes 12.3, 12.4 and 15.7 units per 100 ml. 
There was no change in phosphatase activity after 15 minutes of ether and 
therefore all blood samples for serum phosphatase determinations were 
collected vuthin 15 minutes after administration of ether. 

Blood samples for calcium determinations were taken at the same time 
as those for phosphatase. 

Series I. Blood plasma ascorbic acid in relation to ascorbic acid intake. 
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The ^corbie acid content of the blood pl^ma of monkeys and m a il has 
been sho-wn. to-be dependent upon the dietary intake of the vitamin (Far- 
mer and Abt, 1935; Greenberg, Ilinehart and Phatak 1937). Few data 
have been reported for blood .plasma of guinea pigs and the available evi- 
dence does not indicate what is the ascorbic acid content of the blood of 
so-called normal animals or whether the ascorbic acid content is influenced 
by the diet.. In order to clarify this question, blood determinations were 
made on all available guinea pigs in the laboratory; thase included animals 
•which had received 8 mgm, of crystalline ascorbic acid^ daily for 34 days, 
and animals which had received 2 mgm. of ascorbic acid daily from lemon 
juice or from the crystalline form of the vitamin for the same period of time. 
Another group -of animals being used for vntamin C assay of certain fruits 
received basal diet only for 13 days followed by daily fruit supplements 
which supplied approximately 0.5 mgm. of ascorbic acid daily for 21 days. 
A group of negative controls was maintained on the vitamin-C-free basal 
diet until they showed signs of severe scurvy; blood samples .were then 
taken and the animals were destroyed. 

The mean plasma ascorbic acid values for the different groups of ani- 
mals are summarized in table, 1. The negative controls showed no measur- 
able amount of ascorbic acid in the blood plasma. Those animals which 
had been made scorbutic and then fed various fruit supplements supply- 
ing approximately 0.5 mgm. ascorbic acid daily had scun^y scores ranging 
from 0 -to 11 and the blood plasma ascorbic acid content was 0.16 mgm. 
per 100 ml. with a standard deviation of ±0.07, The mean value for 
plasma ascorbic acid of animals receiving 2.0 mgm.' of ascorbic acid daily 
was 0.22 mgm. per 100- ml, with a .standard deviation of ±0.03, Statis- 
tical treatment of the data of these two groups as described by Snedecor 
(1938) for determination , of i gives a I value of 4.962 which shows that the 
difference betvveen the two groups is significant. 

Guinea pigs which received 8 mgm. of ascorbic acid daily had a mean 
plasma content of 0,54 mgm. -per 100 ml. vdth a standard deviation of 
±0ill; the i value of 9.119 shpws this to be a highly significant increase 
in blood ascorbic acid over the group receiving 2.0 mgm. daily. Thus the 
ascorbic acid content of the blood plasma of guinea pigs is seen to be de- 
pendent on the intake. 

. Series II. Ascorbic acid, calcium, and . phosphatase content of blood of 
guinea-pigs irnth varying degrees of scurvy. In this series three groups of 
animals were used and were comparable in every way except for the amount 
of vitamin C fed and the consequent degree of scurvy. In group I there 
were 8 animals which had received 8 mgm. ascorbic acid daily throughout 

® We are indebted to Merck and Company, Rahway, New Jersey for a generous 
supply of ascorbic acid. 
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the experimental period; these animals ' appeared to be healthy and in- 
creased rapidly in weight during the period. There were 21 animals in 
group II and on autopsy all showed mild scurvy with scores ranging from 
one to eight.’ In group III there were 10 animals all of which showed se- 
vere seun^r with scores of 9 to 16. The ascorbic acid content of the blood 
plasma, and the phosphatase and calcium content of the serum of each 
animal were determined with the exception of six animals where the blood 
supply was inadequate for the calcium determination. The data are 
summarized in table 2. No measurable amount of ascorbic acid was found 
in the blood plasma of animals with severe scur^’y; those vith mild scurvy 
had an average of 0.20 mgm. ±0.062^ per 100 ml. and the normal animals 
averaged 0.57 mgm. ±0.105 per 100 ml. The difference between the two 
latter groups is significant, t value being 9.38. 

TABLE 1 


Ascorbic acid conienl of blood plasma of guinea pigs with different intakes of 

ascorbic acid 


ASCOBBIC ACTD INTAKE OAIET 

t 

NTJUBER OF 
i ANIMALS 

BCEBVT 

ASCOBBIC 
ACID PER 
100 ML. 
PLASMA 

STANDARD . 

t 

Males ] 

Fe- 

males 

6C0BB 

DEVIATION ! 

V AliUi.. 

8 mgm. for 34 days i 

6 

4 




9.119 

2 mgm. for 34 days 

6 

6 




Basal diet only for 13 days then 
0.5 mgm. for 21 days 

40 

33 


0.16 

0.07 

! 

4.962 


In the normal animals the mean phosphatase value in units per 100 
ml. of serum was 17.0. Mild scurvy caused a slight rise in phosphatase 
activity to 21.0 units and the i value for the mean difference between these 
two groups was 2.29 which is barely significant. The animals with severe 
scurvy showed a marked lowering in phosphatase to 6.8 units. The t 
value of the mean difference in phosphatase value between this group of 
animals vuth severe scurvy and the normal animals was 5.49; the i test 
also showed that the difference between the means for the group Avitli mild 
scurvy and the group with severe scurvy was significant, the value being 
9.47. 

The mean serum calcium content was approximately the same for all 
three groups being 13.1, 13.9 and 13.0 mgm. per 100 ml. of serum. 

A comparison was also made of the blood constituents for each sex but 
in some groups insufficient numbers of animals had been used to draw any 
conclusions. There appeared to be no difference in the ascorbic acid 


^ Standard deviation. 
















TABLE 2 


Ascorbic acid, pliosphalase and calcium content of blood of scorbutic and non-scorbutic 

guinea pigs 


DEGKEE OF SCtHlVT 


HEX 

BCGBVT 

fiCORE 

PEABMA 

AflCORDIC 

ACID 

8ERTJM 

PHOflPHA- 

TAfiE 

BEEUII 

CAuavu 





mom, per 
100 ml. 

uniU po- 
rn ml. 

mgm, per 
m ml. 

None (8 mgm. ascorbic 

1 

M 

0 

0.69 

24.9 

12.6 

acid daily) 

2 

M 

0 

0.72 

20.2 

11.5 


3 

M 

0 

0.57 

15.2 

15.3 


4 


0 

0.55 

17.6 

14.1 


5 


0 

0.63 

13.8 

14.6 


C 


0 

0.62 

13.6 

14.4 

1 

7 


0 

0.44 

17.8 

11.7 

1 

8 


0 

0.44 

12.6 

10.8 

Mean 

0.57 

17.0 

13.1 


Mild (score 1-8) 

n 

F 


— 

22.4 




F 



20.5 

9.8 


11 

M 


0.21 

17.8 

15.1 


12 

M 


0.23 

21.6 

14.9 


13 

M 


0.16 

17.4 

13.7 


14 

F 


0.16 

17.0 

13.3 


15 

M ! 


0.34 

16.7 

13.4 


16 

M 

1 

0.26 

15.8 

12.6 


17 

M 

1 

0.21 

25.6 

12.4 


18 

M 

3 

0.30 

29.8 

12.6 

i 

19 

M 

1 

0.21 

24.0 

15,0 


20 

M ! 

3 

0.22 

27.4 

14.0 


21 


1 

0.23 

16.3 

10.2 


22 ' 

■■ 

3 

0.10 

16.8 

11.4 


23 

M 

6 

0.10 

23,6 

11.9 


24 1 

F 

4 

0.17 

17.1 

12.9 


25 1 

M 

4 

0.25 

26.1 

12.3 


26 ! 

F 

2 i 

0.24 

20.2 1 

13.8 


27 

F 

4 

0.26 

14.8 



28 1 

M 


0.12 

27.0 

15.2 

1 

1 

29 

F 


0.15 

24.1 


Mean 

0.20 

21.0 

13.0 




Severe (score 9-16) 

30 

F 

9 

0 

11.6 

15.3 


i 31 

F 

11 

0 

11.4 

14.7 


32 

F 

9 

0 

8.3 



i 33 

F 

12 

0 

4.6 

11.9 


34 

1 F 

14 

0 

3.4 



35 

F 

13 

0 

5.2 

Ml 


36 

M 

15 

0 

4.2 

IM 


37 

M 

10 

0 

6.6 



i 38 

M 

14 

0 

9.5 



39 

M 

15 

0 

2.7 

13.0 

Mean 

0 

6.8 

13.9 
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content of the blood plasma of males and females. In the group receiving 
2 mgm. of ascorbic acid per 100 mgm.-plasfna the average for six males was 
0.24 mgm. and for six females was 0.21 mgm. In the group receiving 
0.5 mgm. of ascorbic acid the average plasma content for 40 males was 
0.15 mgm. and for 33 females it was 0.17 mgm. 

Similarly the calcium content of the blood of the two sexes was com- 
parable. In the group with scur\y scores ranging from 1 to 8 the., 
average calcium value for 12 males was 13.6 mgm. per 100 ml. and for 6 
females was 11.9 mgm. In the group with scurvy scores of 9 to 16 the 
average for three males was 14.3 mgm. and for four females 13.6 mgm. per 
100 ml. 

There was considerable variation in the phosphatase values vdthin each 
group; for those ha\dng scurvy scores of 1 to 8, a group of 9 females 
had an average of 18.8 phosphatase units per 100 ml. and a group of 12 
males 22.7 units. 

Series III. Ascorbic acid, calcium, and phosphatase content of blood of 
animals with restricted food intake. Guinea pigs suffering from scurvy 
show loss of appetite and lowered food intake, and it is possible that the 
lowered food consumption of the scorbutic animals studied in series I and 
II might have been an influencing factor on the levels of the blood constit- 
uents. In this series, therefore, the paired-feeding method was used so 
that the food intake for each pair of animals was comparable. Six pairs 
of guinea pigs were used, one animal of each pair received basal diet only 
and the other received 8 mgm. of ascorbic acid daily in addition to the 
amount of basal diet equivalent to that which had been consumed by the 
corresponding pair-mate on the previous day. The experimental period 
was 34 days except for two animals on basal diet only that lived 26 and 28 
days and the pair-mates were killed on the corresponding day. 

The ascorbic acid, calcium, and phosphatase values are summarized 
in table 3. The scorbutic animals had scurvy scores ranging from 9 to 15 
and no measurable amount of ascorbic acid in the plasma. Pair-mates 
receiving 8 mgm. of ascorbic acid daily had plasma values ranging from 
0.31 mgm. to 0.41 mgm. per 100 ml. which is considerably lower than the 
ascorbic acid content of the blood plasma of the animals in series II ivith 
the same ascorbic acid intake but unrestricted food consumption. 

The serum phosphatase activity of the animals receiving 8 mgm. of 
ascorbic acid daily was markedly greater than that of the scorbutic pair- 
mates but was lower than the mean value for animals in series II that also 
received 8 mgm. ascorbic acid daily and unrestricted food intake. 

The serum calcium levels for the pair-mates in this series were com- 
parable and Avere similar to the animals in series II. 

In table 3 the weight gains for the pairmates are also shovm. Although 
the average daily food intake was approidmately the same for each pair 
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of animals those receiving ascorbic acid daily showed much greater gains 
in weight, McHenry, ^ Reednlan and Sheppard (1938) have reported 
.similar findings and attribute the weight difference to the diminished 
retention of water in the bodies of animals which lack ascorbic acid (Shep- 
pard, McHenry 1939). - . 

- Discussion. The data reported here clearly demonstrate that the 
ascorbic acid content of the blood of guinea pigs is dependent on the dietary 
intake of this substance and is not caused by the lowered food intake which 
accompanies the development of severe scurv^y. These findings are in 

tABLE 3 


Ascorbic acid, calcium and phosphatase content of blood of guinea pigs in paired 

feedtrig study 


othkea! 

PIO ! 
NUM- i 
HER ! 

SEX 1 

ASCOR- 

BIC' 

Acn> 

BODY TVTRORT . 

AVCR- 

AOE 

BAJI/T 

EX- 

PERT- 

sctmvT 

PLAS- 

MA 

1 

SEKtrU 

PHOS- 

SERUM 

CAL- 

1 

j 

1^1 A^i> 
PER 
DAT 

_ Ini- 
tial 

Maxi- 

mum 

Final 

Total 

Bain 

FOOD 

intake 

PERIOD 

SCORE 

A.-A. 

PHA- 

TASB 

CTUM 



TTiifm, 





grama 

dayt 


mgm. 
per too 
ml. 

unite 
•per 100 
ml. 

mgm. 
per too 
ml. 

1 i 

M 


300 

415 

319 

mm 

15 

34 ^ 

13 

0 

5.2 


• 2' ' 

AM 


291 

390 

360 


15 1 

1 

34 

0 

0.40 

15.8 

13.0 

3 

F 

1 

1 0.0 1 

308 

330 

235 

-73 

12 

28 

1 

14 1 

0 

3.4 

12.4 

4 

F 

1 

. 8.0 

302 

316 

.290 

-12 

10 

j 28 

0 

0.32 

5.0 

13.4 

5 

F 


312 

316 

215 

-97 

•11 

i 

26 

12 

0 

4.6 

11.9 

‘ 6 

F 

8.0 

305 

331 

312 

7 

11' 

26 

0 

0.41 

11.7 

14.8 

■7 1 

M 


,304 

435 

367 

( 63 


34 

t 

9 

0 

6.6 

' 15.5 

8 

M 

I 8.0 

313 

470 

440 

1 127 


34 

0 

0.40 

15.2 

12.8 

9 1 

M 


i 302 

302 

197 

-105 

•13 ■ 

34 

15 

0 

2.7 

13.0 


M ■ 

, 8.0 

1 

r305 

385 

360 

55 

13 

34 

0 

0.34 

-6.6 

i 

15.0 

i 11 ! 

F 


1 

i 300 

I ' 
300 


-^123 

10 

34 

14 

0 



12 I 

P 

1 8-0 
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-24 

10 

. 34 

6 

0.31 

11.4 

13.8 


agreement with those of other workers who have reported on the blood 
ascorbic acid of man and, of monkeys in relation to the diet. Ecker and 
.co-workers (1938) have reported-, values of 1.04 to 2.13 mgm. per 100 ml. 
,of blood serum for. guinea pigs fed green food for eight days which is con- 
siderably higher than the values obtained in this study for animals fed 8 
mgm, ascorbic acid daily. 

Serum phosphatase activity has been reported to be affected by abnor- 
mal conditions such jaundice and various bone diseases as well as 
scurvy. Smith and Maizels (1932) have-reported tha-t there was a definite 
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increase in serum phosphatase activity in rickets in young children and this 
serum phosphatase rise has been recommended as a valuable index of 
early cases of rickets (Barnes and Carpenter, 1937). The bone changes 
taking place in scun^’- are apparently caused by a lack of formation of 
intercellular substances (Wolbach, 1926) and a cessation of ossification 
and growth. This may account for the low phosphatase values reported 
in cases of scur\Tr in children (Smith and Maizels, 1932). Scoz and 
co-workers (1937) found first an increase in phosphatase actmty and then 
a decrease during the progress of scurvy in guinea pigs. The data reported 
here show that animals vith mild scur\^ as indicated by scurvy scores of 
one to eight, showed some increase in serum phosphatase activity but 
statistical analysis shows that the increase is probably not significant. 
However, in animals vdth severe scurvy the serum phosphatase activity 
.was significantly lower than that of healthy animals. Paired feeding 
experiments demonstrated that the degree of scurvy and not the restricted 
food intake was the cause of lowered phosphatase activity of the serum 
since the pair mates vith similar food intake but adequate ascorbic acid 
had markedly higher phosphatase values. 

Our findings with regard to the calcium content of the blood serum are 
in agreement vath those of Goettsch and Key (1928) and Humphrey and 
Zilva (1931) who found a vide range in the serum calcium but no indica- 
tion that these changes paralleled scun^. Lowered food intake in the 
later stages of scuia^ had no effect on the calcium level of the blood. 

SUMIilARY' 

The ascorbic acid, calcium, and phosphatase of the blood of guinea 
pigs receiving varying amounts of ascorbic acid as supplements to the 
basal ration were studied. The ascorbic acid content of the blood was 
found to be negligible in scurvy and to increase as the dietary intake was 
increased. A daily supplement of 8 mgm. ascorbic acid during the 
experimental period gave a mean blood value of 0.54 mgm. per 100 ml. of 
plasma; the corresponding value was 0.22 mgm. per 100 ml. when the 
daily intake was 2 mgm. ascorbic acid. 

The phosphatase activity of the serum was increased slightly in mild 
scun^^ and decreased markedly in cases of severe scurvy. 

Serum calcium values remained unchanged in scorbutic animals. 

Differences observed in phosphatase values and ascorbic acid content 
of the blood were not attributable to sex or to the amount of basal diet 
eaten, and were unchanged during 15 minutes of ether anesthesia. 
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Among the characteristic and consistent changes in the rabbit uterus 
during the final stages of pregnancy, three may be especially important 
in the sequence of events leading to parturition. Two to three days 
before delivery the following changes can be observed; 1, increased color, 
of vascular origin, approaching a bluish-red on the day of delivery (Markee 
and French, 1934) ; 2, increased volume of the entire uterus reaching a max- 
imum on the day of delivery, then slowly receding for 6 to 8 days post- 
partmn (Markee and Andersen, 1934), and 3, increased amounts of inter- 
cellular fluid, or edema, reaching a peak on the day of dehvery, then 
gradually receding for 6 to 8 days after delivery (Krichesky, unpublished). 

In attempting to determine whether a full term or immediately post- 
partum, edematous uterus contains a local factor capable of inducing 
edema in a non-pregnant uterus, it was found (Krichesky and Pollock, 
1940) that a crude saline extract of rabbit uterus, taken 'within a few houis 
after dehvery, is extremely toxic to non-pregnant animals when injected 
intravenously in relatively small doses. This study was undertaken to 
confirm these previous findings and to determine, if possible, the nature 
of the toxic substance in extracts of full term edematous uteri. 

Materials and methods. A total of 71 rabbits were used in this study; 
of these 54 were non-pregnant females, 12 were females in late stages of 
pregnancy or a few days post-partum, and 5 were males. 

Four experiments were carried out: 1, to determine the toxicity of saline 
extracts of post-partum rabbit uteri; 2, to ascertain the toxicity of non- 
pregnant uteri and of skeletal muscle from post-partum rabbits; 3, to 
establish whether or not blood serum or whole blood from animals in late 
stages of pregnancy and immediately post-partum is toxic, and 4, to arrive 
at the nature of the toxic factor in post-partum uterine extracts. 

In the first experiment all extracts were prepared as follows: Uteri w'ere 
excised -within a few hours after delivery, weighed, and ground to a mash 
with washed sand. A volume of sahne equal to half the w'eight in grams 
of the fresh tissue was added. The mixture was shaken intermittently for 

* Aided by a research grant from the University of California. 
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30 minutes, then centrifuged. The supernatant fluid was collected and the 
residue re-extracted. The supernatant fluids from the two extractions 
were combined and saline added until 1 cc. of the final solution represented 
0.5 gram of fresh tissue. Merthiolate (1:50,000) was added and the ex- 
tracts stored in a refrigerator. All extracts were used within four days 
of their preparation. 

In the second experiment extracts of non-pregnant uteri and of muscle 
were prepared in the manner described. Abdominal muscles and portions 
of the thigh muscles were taken from post-partiim animals used in ex- 
periment 1. 

For experiment, blood was collected from the marginal ear vein of 
donor rabbits. Serum alone was used in some instances and whole 
blood in others. 

It soon became evident that the toxic factor in post-partum uterine e.x- 
tracts was histamine-like in its action. For this reason, in the fourth 
experiment attempts were made to inactivate the toxic substance by using 
the enzyme histaminase (Torantil 360).” Histaminase in various propor- 
tions was added to both histamine and to toxic uterine extracts, the pH 
adjusted to 7.2 and the mixtures incubated for 24 hours at 37.5°C., then 
filtered, and the filtrate injected. 

All animals were injected intravenously ivith a maximum single dose of 
10 cc. Where larger doses were given they were administered by an addi- 
tional maximum of 10 cc. on each successive day. 

Results. Experiment 1. Toxicity of post-partum uterine extracts. A 
total of 9 extracts were prepared from rabbit uteri taken between 2 and 
12 hours after deliveiy, 10 within 7 hours and only two as long as 10 and 
12 hours post-partum. These w^ere injected intravenously into a total of 
23 non-pregnant animals. The average lethal dose was 5.6 cc. representing 
2.8 grams of fresh tissue. The potency of the individual extracts varied 
considerably, but in all instances the recipients succumbed within two 
minutes after injection. The least toxic extract required an average dose 
of 14.5 cc. to cause death. In the preparation of this extract the excised 
uterus was allowed to stand in the refrigerator for approximately 34 hours 
before extraction and it is possible that the toxic factor was partially 
destroyed or inactivated during that time. Only one extract was lethal 
in doses as small as 0.5 cc. 

Yoimg and old animals of both sexes proved equally susceptible. 
Although complete data were not obtained it appeared that the lethal do.^e 
was approximately proportional to body w-eight. 

In addition to the animals mentioned above, three rabbits were injected 

* Histaminase (Torantil 360) wa.s generously supplied by the Department of 
Medical Research, Winthrop Chemical Company, Inc. 
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intraperitoneally., ' When given by this route the extracts also proved 
fatal, although a larger dose was required and a longer time elapsed before 
death. 

Since^there are large necrotic areas and masses of autolyzed cells in the 
post-partum uterus, the possibility existed that animals possessing such a 
uterus ..might be less susceptible to toxic extracts than non-pregnant 
animals., .Toxic uterine extracts were injected into the following animals: 
one animal one day pre-partum, two animals on the day of delivery and 
two animals .one day post-partum. These five animals died within two 
minutes, of administration of approximately the same quantity producing 
death in non-pregnant animals. Thus the presence of an edematous 
uterus., i’??. situ, containing the toxic dactor, does not influence the suscep- 
tibility -of the animal to extracts of known toxicity. 

Experiment 2. .Effects of extracts of non-pregnant uterus and of muscle. 
In this experiment extracts of non-pregnant uteri and of muscles were 
prepared in the manner described for post-partum uteri, each cubic centi- 
meter representing 0.5 gram fresh tissue. 

Five extracts of non-pregnant uteri were injected intravenously into a 
total of 8 animals. The average dose was 26.2 cc. representing 13.1 
grams .-of fresh tissue. Four of these extracts proved harmless in doses 
ranging from 15 to 37.5 cc., while one extract proved toxic in a dose of 20 
cc. All animals received large doses and even in the only case of toxicity 
in an extract of non-pregnant uterus the lethal dose was almost five times 
greater than the average dose employed in experiment 1. These results 
indicate that the toxic factor present in post-partum uterine extracts is 
either absent or present in only low concentrations in non-pregnant uteri. 

As a further control for experiment 1, four extracts were prepared from 
skeletal muscle taken from the same animals providing uterine material 
for extracts used in experiment 1. Six non-pregnant rabbits were given 
an average dose of 41.7 cc. of this material, representing 20,8 grams of 
fresh tissue. In no .case did the muscle extracts prove fatal, indicating 
that if the toxic factor was present its concentration was too low to produce 
symptoms in the quantities used. 

Experiment S . , Effects of blood serum and of whole blood from gravid and 
postr-partum rabbits on non-pregnant animals. During late stages of preg- 
nancy and immediately post-partum the rabbit uterus contains a larger 
volume of blood than does the non-pregnant uterus or muscle, consequently 
the possibility existed that the toxic factor in post-partum uterine extracts 
was present in the: blood rather than in .the tissues. , Blood was therefore 
collected from the marginal .ear vein of both gravid and post-partum 
animals. Blood serum alone was injected into 5 rabbits in quantities as 
high as 20 cc. Whole blood was given to two animals in doses of 16 cc. 
All animals survived this treatment, indicating that neither blood serum 
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nor whole blood, in the amount used, contained a sufficiently high concen- 
tration of the toxic factor to be lethal. 

Ex'perivieni J{. Inaclivalion of histamine solutions and toxic uterine ex-" 
tracts by incubation with histaminase. All animals that succumbed from 
an injection of toxic nterinc extracts exhibited symptoms preceding death 
strikingly similar to those described for fatal anaphylaxis. There was a 
blanching of the eye and ear, extreme respiratory difficulty, accompanied 
by jerking motions of the head and body. On autopsy the lungs were 
characteristically distended and the right chambers of the heart engorged. 
The phenomenon was not considered an anaphylaxis, however, since none 
of the animals had been previously sensitized. 

Since several investigators reported a possible 'relation between histamine 
and anaphylaxis (Dale and Laidlaw, 1910; Bally, 1929; Dragstedt and 
Gebauer-Fuelnegg, 1932; Code, 1939 and others), it seemed possible 
that the toxic factor in post-partum uterine extracts might be histamine 
or histamine-like. 

Four rabbits were injected with a histamine solution containing 1.0 
mgm. per cubic centimeter. Two of those were given a total of 0.5 cc., or 
0.5 mgm., and two a total of 1.0 cc., or 1.0 mgm. The smaller dose pro- 
duced severe shock from which both animals recovered, •while the larger 
dose killed the animals in less than two minutes and reproduced accurately 
the symptoms and pathological changes following administration of toxic 
uterine extracts. This provided further evidence that the to.\'ic. factor 
might be histamine or a histamine-like substance. 

Be.st and McHenry (1930, 1931) reported the isolation of an enzyme, 
histaminase, which destroyed the activity of histamine when incubated 
with it. The enzyme itself is not toxic even when given in relatively high 
concentrations (Barlow, unpublished). Three rabbits w'ere given 3, 5 and 
10 units respectively of histaminase intravenously and exhibited no ill 
effects. In accord with the work of Best and McHenry (1930, 1931) two 
rabbits given 4 and 5 times the lethal dose of histamine previously 
incubated with histaminase also exhibited no symptoms, indicating that the 
amine had been inactivated. 

Since it appeared that the toxic factor in uterine extracts might be 
histamine, extracts of known toxicity were incubated ■with histaminase, 
then tested for activity. To 40 cc. of one extract 25 units of histaminase 
were added, the pH adjusted and the mixture incubated for 24 hours at 
37.5°C. and then filtered. The filtrate "was given to 4 animals in doses of 
9 cc. (9 times the lethal dose of this extract before inactivation). None 
of these animals succumbed and only one e.xhibited .symptoms of shock. 
In another instance, 50 cc. of an extract were incubated "ivith 20 units of 
histaminase and the filtrate given to four animals in doses of 12 cc. Al- 
though this was four times the lethal dose of this extract before treatment 
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wth histaminase, it failed to produce any of the characteristic symptoms 
of toxicity. 

The addition of 8 units of histaminase to 12.0 cc. of another extract but 
without subsequent incubation, had no effect on toxicity when tested on 
two animals. The incubation of an extract of known toxicity but without 
added histaminase also failed to alter the toxicity of the material. These 
results indicate that the toxic factor in extracts of the post-partum rabbit 
uterus is inactivated by the action of histaminase and consequently it 
may be assumed that the toxic factor is histamine or a histamine-like 
substance. 

Discussion. It is unusual that saline extracts of normal tissue arc 
toxic to animals of the same species. However, such extracts of the post- 
partum rabbit uterus, taken within 12 hours after delivery, arc extremely 
so. Furthermore, the absence of toxicity from similar extracts of the non- 
pregnant uterus indicates that the toxic material is associated with a par- 
ticular physiological state. 

Our results indicate that the toxic factor is either histamine or a sub- 
stance histamine-like in its physiological properties and chemical struc- 
ture. Reference has been made to the reported relation between histamine 
and anaphylaxis. S3Tnptoms preceding death and pathological changes 
after death, following administration of toxic uterine extracts, are accu- 
rately reproduced by lethal quantities of histamine. 

A more specific test is the inactivation of the toxic material by incubation 
with histaminase. By this means the activity is destroyed and some 
structural similarity to histamine is inferred, since it is suggested by Best 
and McHenry (1930) that histaminase acts on histamine by destruction 
of the imidazole ring.® 

The presence of large amounts of a substance vdth histamine-like action 
may possibly explain some of the characteristic histological and physio- 
logical changes in the full term rabbit uterus. The intensity of color, of 
A'ascular origin, increases to a bluish-red on the day of deliveiy and then 
slowly diminishes (Markee and French, 1934). Observations by one of us 
(Krichesky, unpublished) indicate that the capillary bed and small venules 
of the endometrium are greatly dilated and filled with blood cells beginning 
two days pre-partum until two days post-partum. This can be explained 
by a constriction of the veins with a consequent dilatation in venules and 
capillaries, producing stasis. Capillary dilatation and venous constriction 
after histamine has been reported by several investigators (Feldberg, 1927 ; 

* In addition, extraction of histamine by the method of Barsoum and Gaddum, 
(1935) was carried out on one extract .and the resulting substance, even in dilute 
solutions, produced contractions of the guinea pig ileum immersed in TjTode’s 
solution, providing further evidence that the toxic factor is histamine or histamine- 
like in its properties. 
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Ruhman, 1932; Sturm and Dauter, 1937- and- others), : By this action 
on the vascular system, it is possible that a substance with histamine-like 
properties may account for the increased intensity of color in the uterus 
and endometrium toward the end of pregnancy. • - . 

The presence of a substance with histaminedike activity. may explain 
adequately both the growth in size of uterus and endometrium during the 
last two or three days of pregnancy (Markee and Andersen, 1934), and the 
accumulation of intercellular fluid (Krichesky, unpublished). The H-sub- 
stance postulated by Levis (1927) in the triple response of the skin to 
histamine or mechanical stimulation, suggests increased capillary per- 
meability. It has been demonstrated also by Ravenna (1930), Kiuchi 
(1937), and others, that capillary permeability is increased by the adminis- 
tration of histamine. Consequently, the presence of large amounts of 
histamine, or a substance with histamine-like activity,- because of its 
effect on capillary walls, may produce an edema resulting in an increase 
in the size of the organ. 

The expulsion of the embryos at the end of pregnancy may be influenced 
also by the presence of a liigh concentration of a histamine-like substance 
in the full term rabbit uterus. Dale and Laidlaw (1910) recorded the 
contractions of the uterus in a pithed cat after administration of 1.0 mgm. 
histamine intravenously. In vitro experiments by turn Suden (1934) 
using rats, and Sugimoto (1937), u.sing several different animals, obtained 
uterine contractions on addition of histamine. In view of the work of 
Barsoum and Gaddum (1935) who found that rabbit blood contains the 
highest histamine equivalent in the series of common laboratory animals 
studied, it is not surprising that Sugimoto found the rabbit uterus least 
sensitive in the series of animals he studied. 

Bourne and Bum (1927), however, in some clinical studies, reported 
that although injections of 2 mgm. of histamine under the skin produced 
powerful but short lived contractions of the uterus, labor was not accel- 
erated, They do not consider histamine a factor initiating termination of 
pregnancy because, in their experiments, uterine muscle activity ceased 
after the effect of histamine had worn off. 

Little is known quantitatively or qualitatively of histamine in the full 
term human uterus, but in the rabbit, at least, it is difficult to conceive of 
the presence of large amounts of a histamine-like substance capable of 
exerting such a powerful effect on smooth muscles -without its taking some 
part in the contractions of the uterus leading to parturition. In agreement 
-with this view is the work of Danforth (1939) who reported that a high 
histainina.se content of the human placenta ih accompanied by weak uterine 
contractions whereas a low histaminase content of the placenta is accom- 
panied by vigorous contractions. This suggests that in the case of high 
histaminase content, histamine or bistamine-Iike substances are inactivated 
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resulting in weak uterine contractions, strong contractions being present 
only when the histaminase content is low. 

In addition, Marcou and Atanasia-Vergu (1937) find that the concentra- 
tion of blood histaniine is lower in pregnant than in normal women and that 
the concentration falls very low, less than 0.05 gamma per cubic centimeter, 
during labor. They suggest that the histamine is taken up by other organs, 
but it is possible, in the rabbit at least, that it is taken up by the uterus itself, 
since a high concentration of a histamine-like substance is present in the 
rabbit uterus at that time. The mechanism of this decrease is unknown 
and Marcou and Atanasia-Vergu postulate that a low level of blood hista- 
mine, normally a vasodilator, may reduce post-partum hemorrhage. 
However, high concentrations of histamine are known to produce con- 
striction of the arteries (Feldberg, 1927; Wilson, 1936 and Kiuchi, 1937). 
The possibility exists, therefore, that post-partum hemorrhage may be 
reduced not because of a low concentration of histamine in the blood but 
because of arterial constriction due to a high concentration of histamine 
or a histamine-like substance in the uterus at that time. 

SUMMARY 

1. Saline extracts of post-partum rabbit uteri, taken within 12 hours 
after delivery, contain a toxic substance lethal to non-pregnant animals. 

2. With one exception, the toxic factor was not present in non-pregnant 
uteri or in skeletal muscle, blood serum, or whole blood of rabbits in late 
stages of pregnancy or one day post-partum. 

3. Animals one day pre-partum to one day post-partum are no less 
susceptible to the toxic factor than are non-pregnant animals. 

4. The toxic factor is probably histamine or a histamine-like substance. 
It resembles histamine in physiological properties and is readily inactivated 
by incubatioh with histaminase. 

5. The presence of histamine or a histamine-like material in the full 
term and post-partum rabbit uterus is discussed in relation to events 
leading to parturition, i.e., color change, edema, muscle contractions and 
post-partum hemorrhage. 
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In 1930 Delrue (1) reported that the isolated gastric mucosa of the frog, 
when mounted properly in a dual-chambered bath, will secrete acid and 
will respond to the addition of drugs. The same author subsequently 
demonstrated (2) the effects of varying the ionic composition of the arti- 
ficial medium on the in vitro production of acid. The theoretical im- 
portance of this approach to the study of the mechanism of acid formation 
by the gastric glands is apparent. However, to our knowledge, this work 
has never been confirmed, nor has the method been applied to the problem 
of acid formation. 

Methods. From a pithed frog the stomach, together with a short 
segment of the esophagus and duodenum, was removed and washed out 
with isotonic saline. An incision was made along the lesser curvature 
through the muscularis layer and the intact mucosal layer was dissected 
free. The resulting tube of mucosa was cut along the lesser curvature 
and spread out as a flat membrane over a hole, one centimeter in diameter, 
made in the center of a thin Monel metal plate 4 cm. square. Another 
similar metal plate was placed on top of the mucosa and the two were 
bolted together with the mucosa held firmly between them. This assembly 
was then mounted between two small glass chambers shaped like CaCb 
tubes. Each chamber had a hole | inch in diameter ground on one side. 
The chambers were clamped together with a modified burette clamp in 
such a way that the edges of the holes in the glass chambers were pressed 
in water-tight contact with rubber gaskets which had been cemented 
around the holes in the metal plates. The contents of the two chambers 
were thus separated only by the thin layer of the gastric mucosa. 

One chamber with a capacity of 6 cc. was filled with 0.7 per cent NaCl 
solution through which air was bubbled; this solution bathed the natural 
secretory surface of the mucosa. The other chamber with a capacity of 
15 cc. was filled with an artificial nutrient solution aerated with 95 per 
cent oxygen and 5 per cent carbon dioxide; this solution bathed the side of 
the mucosa which had originally been in contact mth the muscularis. 
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The fluid level in both chambers extended above the upper edge of the 
mucosa, but higher on the nutrient than on the secretory side. This 
caused the loose membrane to balloon slightly into the secretory solution, 
so that the agitation produced by aeration effectively stirred the solution 
and prevented a tenacious layer of mucus from forming on the mucosal' 
surface. 

The outlet at the bottom of both chambers permitted convenient empty- 
ing, and, in the case of the secretory chamber, it provided a connection 
for a salt bridge for the measurement of pH. The bridge was filled with 



Fig. 1. Diagram of dual-chambered bath. When a pH determination is made, 
the aeration tube is removed and the glass electrode is inserted into the secretory 
chamber from the top. 

the same solution as the secretory chamber (0.7 per cent NaCl). The 
junction between this solution and the reference cell was made by means of 
a KCl-agar cap as recommended by the Coleman Electric Company.' 
The glass electrode was inserted into the secretory solution from the top, 
making it possible to record the pH at any time without withdrawing or 
contaminating the secretory solution. The pH readings were made with- 
the Coleman pH Electrometer. 

The nutrient solution had an ionic composition similar to that of frog’s 
blood. Its high sodium bicarbonate content necessitated aeration with 
an oxygen-carbon diojdde mixture in order to maintain a pH of 7.4. The 
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solution, contained, as millimols per liter, 71.75 of NaCl, 20.0 of NaHCOs, 
5.0 of KCl, 1.25 of CaCl 2 , 1.20 of sodium phosphate buffer (pH 7.4), 0.80 
of MgCla. Anhydrous glucose was added in a concentration of 50 mgm. 
per cent. 

Results. A large number of experiments have been made with various 
modifications of the apparatus and with various nutrient and secretory 
solutions. However, only results obtained with the method as described 
above, which, yielded the most consistent and satisfactory resulte, will 
be given. 

When the gastric mucosa of the frog was mounted as described, but not 
treated in any way, the pH of the secretory solution gradually fell over a 
period of hours and reached a plateau. In figure 2, the average of eight 



Fig. 2. The in vitro secretion of acid. The changes in pH of the secretory chamber 
during 4 different types of experiment are given. 

Fig. 3. The in vitro secretion of acid by the “untreated” mucosa. The acidity 
is given in millimols/1. (clinical units) and the output of acid each half hour is given 
in thousandths of a millimol. 

consecutive experiments of this type is presented in the foiih of a graph. 
The pH fell from an original value of 6.4 to a final value of 2.55. The 
highest acidities of the individual experiments ranged from pH 2.86 to 2.14. 
The highest acidity that has been observed is pH 1.6. 

• In figure 3, the development of acidity in the secretory solution has been 
plotted in terms of millimols per liter, instead of pH units. The rate of 
acid secretion, in terms of micro-mols (thousandth of a milli-mol) of H"^ 
added to the bath each half-hour, is also shown. It is apparent that the 
mucosa does not begin to form appreciable amounts of acid until approxi- 
matelj* two hours after being mounted, and that after 6 hours acid forma- 
tion practically ceases. 

The factors which are responsible for this “spontaneous” secretion have 
not yet been determined. The cessation of secretion, however, is not due 
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to an automatic suppression of further secretion by the presence of acid 
in the sccretor}’- solution. This is indicated by the fact that frequent re- 
newal of the secretory solution does not alter the time at which secretion 
ceases (fig. 2). 

Several types of experiment have yielded evidence which indicates that 
the in vitro production of acid represents a true secretory process. For 
example, non-specific membranes, such as the esophageal mucosa, the 
abdominal skin, or the abdominal musculo-peritoneal layer of the frog 
have failed without exception to form acid. In fact, the pH of the secre- 
torj’’ solution has always increased (fig. 2). Of similar significance is our 
confirmation of Delrue (2) that gastric mucosa taken from winter frogs 
produces very little acid in vitro. It has been reported that the gastric 
glands of the intact frog do not secrete readily in winter (3). 

Additional evidence that the in vitro production of acid is not the effect 
of a non-specific semi-permeable membrane was obtained in the following 
w'ay. The gastric mucosa w’as mounted in reverse in the apparatus; the 
secretoiy surface w'as thus in contact with the nutrient solution and the 
muscularis surface in contact with the secretorj’’ solution. Under these 
conditions, in each of 14 experiments, the pH of the secretory solution rose. 
In fact, the solution became more alkaline than in the case of the non- 
specific membranes mentioned above, suggesting that alkali was being 
liberated from the muscularis surface. The fact that the pH of the buf- 
fered nutrient solution fell slightly supports this interpretation. After 
these membranes had been mounted in reverse for 2 hours, they w'ere 
restored to the proper position. In ten cases the mucosa had apparentlj’’ 
been killed and failed to secrete acid after this restoration; in four cases, 
how’^ever, the mucosa survived and produced significant amounts of acid 
(fig. 2). 

Discussion. The results reported here confirm and extend the ob- 
servations of Delrue. This investigator recorded the pH of the secretorj^ 
solution by means of a quinhydrone electrode, which necessitated the 
periodic removal of samples for the determination of pH. By the use of 
the glass electrode, Avhich does not contaminate the solution tested, this 
complicating factor has been avoided. The nutrient solution used in 
this study conforms more closely to the ionic composition of frog’s blood 
than the solution used bj"^ Delrue. The technique employed has yielded 
consistent and uniform re.sults. 

In the majority of experiments Delrue (1) obtained pH values ranging 
from 4.2 to 4.8, although occasionally lower values (pH 2.+) w'ere obtained. 
This latter level he found to approximate the usual pH of the gastric 
contents of the frog. This was used as support for the belief that the 
in vitro acidity closelj'^ approximates the in vivo acidity of the frog's stom- 
ach. How'ever, Friedman (4) has reported that pure gastric juice obtained 



IN VITRO ACID SECRETION Ry GASTRIC MUCOSA 


331 


from the frog may have a free acidity of 72 millimols per liter, which 
represents a pH of 1.4. One could hardly expect to obtain this acidity 
in vitro, when the gastric secretion is diluted many times by the fluid of 
the secretory chamber. 

In our experiments the acidity regularly fell considerably below the 
range of 4.2 to 4.8, for the average was 2.55. This difference is greater 
than appears superficially, due to the logarithmic nature of the pH unit. 
As can be seen from a comparison of the pH curve of figure 2 with the 
acidity curve of figure 3, a fall in pH from 6.0 to 4.0 represents an insig- 
nificant secretion of acid, whereas - a fall from 3.5 to 2.5 represents the 
secretion of appreciable quantities of acid. In our experience, a pH below 
3.0 has been folloAved by a gradual decrease in acidity after 8 to 10 hours. 
Delrue, on the other hand, reported that the plateau of acidity, presumably 
at higher pH levels, would persist for 24 hours or longer. 

The production of sufficient acid to lower the pH of the secretory solution 
to an average value of 2.55, cannot be due to the formation of CO 2 by the 
d 3 dng mucosa. Irving (5) has shown that the pH of the gastric mucosa 
of the frog after death does not fall below pH 6.0. Wc have found that 
bubbling air through 0.7 per cent NaCl solution ivill not lower the pH below 
6.0. If the formation of acid in vitro were a non-specific process, there is 
no reason whj’’ it should not have occurred when non-specific membranes 
were used, or ivhcn the mucosa was mounted in reverse. 

CONCLUSIONS 

1. The isolated gastric mucosa of the frog, when mounted in vitro in 
a suitable dual-chambered bath, formed sufficient acid to lower the pH of 
a saline solution to an average value of 2.55. 

2. This formation of acid is believed to represent a genuine secretoiy 
activitj’’ on the part of the gastric glands for the follovung rea.sons: a, non- 
gastric membranes fail to form acid; h, gastric mucosa taken from -winter 
frogs forms little acid; c, the gastric mucosa exhibits a polarity such that 
acid is secreted onlj’^ from tlie natural secretory surface, and alkali is liber- 
ated only from the reverse side. 
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I 

The fasting rat developes a ketosis. The extent of this ketosis may be 
determined by many factors. Age appeared to be a factor of possible 
importance. Black, Collip and Thomson (1) noted a definite increase in 
the degree of ketosis with age when it was measured by the ketonuria of 
rats on a butter diet. Heymann (2) has examined the influence of age 
on ketosis in man bj’’ a study of the ketonuria at various ages on a, keto- 
genic diet. He found that ketosis was minimal in infancy, increases dur- 
ing the first four years of life to a maximum which lasts until about eight 
yearn of age and then decreases until it reaches the adult level at puberty. 
We have found the excretion of acetone bodies in the urine to be an uncer- 
tain and misleading indicator of the degree of ketosis which exists. Conse- 
quently we have examined the relation of ketosis to age in the albino 
rat using the acetone body level of the blood as a measure of the degree of 
ketosis. This figure represents the difference in the rate of production 
of acetone bodies by the liver and their rate of oxidation by the extra- 
hepatic tissues. 

Experimental. Male albino rats of kno^vn age were used. They had 
been receiving as a stock diet “Tioga dog pellets" (protein, 23.0; fat, 4.0; 
fiber, 4.0; a.sh, 12.5; moisture, 8.5; nitrogen-free extract, 48.0) and were 
fasted directly from this diet. Fasting was commenced at 9 o’clock in 
the evening but since rats generally sleep all day and eat at night they 
had alreadj'" in one sense been some 12 hours without food when fasting 
was commenced. At twelve hour intervals groups were sacrificed for 
measurement of the acetone body level in the blood. The rats were anes- 
thetized by an intraperitoneal injection of sodium pentobarbital and a 
blood specimen taken by severing the abdominal aorta. Total acetone 
bodies in the blood samples were determined by the method of Barnes and 
Wick (3) and liver glycogen by the method of Good, Kramer and Sonaogjd 
(4). Each group contained 3 rats except the 30 day old series in which 
there were six per group. 

Results. Averages of all pertinent data are presented in table 1. 
Following the onset of fasting at any age there is an increase in the level 
of acetone bodies in the blood. This increase tends to take place more 
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TABLE 1 

The influe7ice of age on the degree of fasting ketosis and the amount of glycogen in the 



liver 

, Group averages 


AQB 

HOURS OF FASnNG 




94 


Blood acetone body concentration in milligrams per cent 



days 

! 




! 





30 

0.3 

15 

25 


23 





45 



17 


18 


16 

20 

19 

61 ! 


14 , 

19 ' 

22 

22 


19 

28 

21 

76 

Bn 

8 

16 

18 

22 

1 22 

26 

19 

25 

128 

.0.8 . 

6. 

12 

11 

23 

17 

20 

20 

16 

275 

0.8 

5 

9 

10 

14 

t 24 

23 

17 

20 


Liver glycogen concentration in grams per cent 


30 

1 . 1-73J 


0.03 

■n 

0.06 

■H 

■n 

■n 

■■ 

45 

Km 

BiM 

0.04 

■El 

0.36 




mm 

61 


0.11 

0.04 

0.11 

0.25 

■ii 

Bn 

mSM 

BbS 

76 

2.80 

0.34- 

0.03 

0.13 i 

0.05 


■n 

0.75 

mm 

128 

3.30 

0.79 

0.09 ! 

0.13 

0.05 

Bn 

0.16 

0.53 


275 

. 1.80 

. 0.66 

0.06 

0.19 

0.18 

■■ 

0.05 

0.23 

mm 


Liver glycogen in milligrams per square decimeter body surface 


30 

163.0. 

20.0 

2.8 

11.7 

4.7 



■■ 


45 

160.0 

9.2 

2.0 

6.7 

15.8 

24.0 

23.7 


12.1 

61 

109.0 

5.8 

1.8 

5.0 

12.2 

9.7 

2.3 

In 

4.3 

76 

176.0 

18.9 

1.5 

6.8 

2.4 

15.7 

4.3 

EB 

6.2 

128 

196.0 

26.0 

3.3 

5.7 

2.4 

14.9 

6.3 


11.3 

275 

110.0 

34.0 

2.7 

8.7 

8.7 

6.4 

1.9 

8.1 

8.1 


Urine nitrogen in milligrams per square decimeter body surface per day 


30 1 


27 1 


31* 

1 1 


45 


31 


26* 



61 


31 


32 

23* 

24 

76 


31 


29 

25* 

21* 

128 


26 


23* 

20* 

23 

275 


35 


25* 

19* 

18* 


Liver weight in grams 


30 

45 

3.11 

5.16 

2.75 

4.83 

2.43 

4.00 

1.95 

4.00 

2.19 

3.53 

3.66 

3.33 

3.10 

3.16 

61 

6.46 

5.44 

4.90 

5.00 

5.13 

4.66 

4.20 

4.30 

4.00 

76 

7.97 

7.16 

6.17 

6.35 

5.66 

5.89 

5.00 

■ 5.94 

4.76 

128 

8.65 

7.05 

5.55 

5.59 

5.71 

5.68 

5.38 

5.52 

5.15 

275 

11.21 

9.66 

8.74 

8.43 

8.74 

8.55 

7.44 

7.51 

7.60 


Body weight in grams 


30 

j 72 

67 

65 

61 

58 





45 

121 

112 

106 

99 

97 

92 

96 

87 

90 

61 

169 

158 

156 

148 

147 

142 

136 

137 

132 

76 

199 

195 

189 

183 

182 

174 

173 

167 

166 

128 

241 

232 

226 

221 

216 

215 

207 

206 

198 

276 

348 ! 

341 

336 

333 

327 

322 

321 

316 

316 
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rapidly, the j^oiingor the rat, but after the first 48 liours of fasting there is 
no significant difference in the degree of fasting ketosis at any age when 
it is measured by the blood acetone body level. 

Urine collections -were made over 24 hour periods primarily for nitrogen 
determinations. None of the specimens contained acetone bodies in 
measurable quantities but traces were present in all samples which in the 
nitrogen figures in table 1 are marked with an asterisk. 

The changes in the amount of glycogen in the liver do not follow the 
variations in the acetone body concentration in the blood except for the 
tendency of the glj-cogen to fall more rapidlj' in young than in old animals. 
In all eases it reached a minimum after 24 hours of fasting and then 
tended to rise, in some cases increasing to significant amounts. 

Discussion. The decrease in the rate of onset of ketosis as the rats 
are older is undoubtedly due to the greater glycogen stores available for 
energy in the older rats. As these arc exhausted and the organism is 
dependent on protein alone as a source of sugar the formation of acetone 
bodies reaches a common level. This suggests that after the first two 
days of fasting the relationship of the protein to fat which is utilized on 
further fasting must be the same at all ages. The urine nitrogen figures 
which are all of the same order of magnitude support this conclusion. 

SUMMARY 

The fasting ketosis of male albino rats as measured by the level of ace- 
tone bodies in the blood increases le.ss rapidly the older the rat. After 
48 hours of fasting it has reached a similar maximum for all ages. 

The amount of glycogen in the liver tends to decrease somewhat less 
rapidly on fasting in old than in young rats. At all ages it reaches a 
minimum after 24 hours without food and then tends to increase for the 
next three days. 
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Purified renin, the so-called renal pressor substance, does not cause 
vasoconstriction when perfused through the isolated rabbit’s ear (Page, 

1939) . Addition of “renin-activator” (Kohlstaedt, Page and Helmer, 

1940) , a substance obtained from blood plasma, to solutions of renin 
permits full vasoconstrictor effect. Further study has shown that a 
crystalline pressor substance is obtained by the interaction of renin and 
renin-activator (Page and Helmer, 1940). This substance has been called 
angiotonin and is probably the effector substance of the action of renin. 

Renin, when slowly infused intravenously into conscious, trained dogs, 
causes a prolonged decrease of renal blood flow 'which is in great part the 
result of efferent glomerular vasoconstriction (Corcoran and Page, 1939a, 
1940). The renal action of angiotonin was therefore examined by similar 
methods. It was expected that the action of angiotonin would in some 
respects differ from that of renin, since its liberation into the blood would 
probably be slower and more uniform when presented by renin infusion 
than when given as such. A general similarity of renal effects would 
support the view that renin acts by liberation of angiotonin. 

Methods. The methods used were those previously described in detail 
(Corcoran and Page, 1939). Renal blood flow (C/Ep 100), phenol red 

and inufin clearances ^C = renal extraction percentages 

were determined in trained, iminephrectomized female dogs 



whose remaining kidney had been subcutaneously explanted by the method 
of Page and Corcoran (1940). Plasma and urine phenol red and inulin 
concentrations were found by the methods of Corcoran and Page (1939a, b). 

Each experiment consisted of two or more control periods, during which 
phenol red and inulin in saline solution were infused at the rate of 1 cc. 
per minute, their renal clearances and extractions determined, and renal 
blood and plasma flows found by calculation. Angiotonin, prepared by 
Dr. 0. M. Helmer, was then added to the infusing fluid, and the observa- 
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tions continued. Blood pressures were recorded once in each period by 
femoral arterial puncture. 

Results. The results of two experiments are presented graphically 
(fig. 1). The protocols of these and of 3 other experiments are tabulated 
at the end of this paper. vSevcral experiments done with wealc solutions 
of angiotonin shortly after its existence was recognized resulted in only 
transient increases of arterial pressure and fleeting renal responses. These 
are not included in this report. Experiments done with larger doses of 
angiotonin, in which sustained increases of arterial pressure were observed, 



Fig. 1, Effect of infusion of angiotonin on renal plasma flow, inulin extraction 
percentage and femoral arterial blood pressure. P. F., renal plasma flow; /. Ep-i 
inulin extraction percentage; B. P., femoral arterial pressure millimeters of mercury. 
Period of angiotonin infusion indicated by shaded area. 


always resulted in decreased renal blood flow and increased renal extrac- 
tion of inulin. 

The infusion of angiotonin at a steady pace reduced renal -blood flow, 
increased arterial pressure and renal extraction of insulin. Interruption 
of the angiotonin infusion promptly results in a return of blood pressure, 
renal blood flow, and renal extraction towards normal. 

It will be noted that renal extraction of phenol red is relatively high 
during an^otonin infusion, even at plasma levels at which the load of 
phenol red brought in the plasma to the renal secretory cells is so large 
that the proportion removed from blood ordinarily decreases (above 1.5 
mgm. per 100 cc.). We have previously observed increased renal extrac- 
tion of phenol red during renal ischemia at plasma levels below 1.5 ragm. 
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TABLE 1 

Effects of angiotonin infusion on renal plasma flow, phenol red and inulin 
clearances and extraction percentages 

Time in minutes from each emptying of the bladder. Angiotonin — relative 
amounts infused indicated by plus sign. P.R.C., plasma phenol red clearance; 
P.R.Ep., phenol red plasma extraction percentage; P.P.R., arterial plasma phenol 
red in milligrams per 100 cc.; I.C., plasma inulin clearance; I.Ep., plasma inulin 
extraction percentage; P.F., renal plasma flow; mean of values calculated from 
phenol red and inulin clearances and extractions; B.P., mean femoral arterial pres- 
sure in millimeters of mercury. Values for renal clearance and plasma flow expressed 
as cubic centimeters per square meter body surface per minute. Decimal fractions 
used in the calculation of renal plasma flow are not included in the table. 


EXPEUI- 

MBNT 

NtTM- 

BER 

TIME 

ANGIO- 

TONIK 

- 

P.R.C. 

] 

P.R.EP. 

P.P.R. 

■ 

I.EP. 

a 

■ 

1 

0-18 

0 

59 

50 

0.872 

35 

26 

126 

115 


18-39 

0 

50 

49 

0.828 

32 

33 

98 

108 


42-64 

-b 

20 

78 

2.46 

19 

44 

34 

158 


64-79 

+ 

53 

54 

3.12 

34 

44 

86 

148 

2 , 

0-15 

0 

i 92 

64 

0.530 

42 

34 

133 

134 


15-35 

0 

82 

59 

0.623 

43 1 

35 

130 

133 


35-50 

0 

1 97 

65 

0.865 

48 

38 

136 

140 


53-68 

++ 

32 

77 

2.79 

29 

51 

49 

187 


70-82 

0 

71 

59 

4.61 

45 

41 

115 

141 

3 

0-17 

0 

131 

49 

0.670 

72 

28 

262 

121 


17-32 

0 

94 

50 

0.820 

67 

29 

207 

118 


34-45 

i' + 

50 

63 

1.27 

45 

36 

91 

167 


45-55 

H 

40 

56 

1.95 

38 

40 

85 

171 


55-67 

++ 

62 

52 

2.14 

36 

38 

106 

160 


67-79 

+-1-+ 

55 

63 

2.81 

49 

35 

99 

155 


82-95 

0 

74 

51 

2.23 

52 

33 

150 

134 

4 

0-19 

0 

87 

45 

0.860 

62 

34 

186 

121 


19-35 

0 

89 

43 

0.913 

64 

33 

200 

118 


35-52 

0 

75 

43 

0.958 

53 

32 

172 

120 


55-67 

+ 

36 

60 

2.01 

1 39 

42 

76 

171 


67-79 

+ 

47 

54 

2.92 

j 59 

44 

110 

160 


79-91 

+ 

51 

57 

3.84 

53 

44 

104 

155 

5 

0-13 

0 

113 

52 

0.692 

55 

28 

204 

124 


13-27 

0 

135 

59 

0.650 

67 

28 

235 

121 


27-45 

0 

99 

47 

0.461 

56 

27 

212 

132 


48-59 

1 

+ 

61 

54 

0.753 

34 

46 

100 

142 


59-75 

+ 

70 

55 

0.822 

26 

36 

99 

139 


per 100 cc. and have attributed this effect to a relative delay of the blood 
stream in the peritubular capillaries. The increased renal extraction of 
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phenol red observed during the renal ischemia produced by angiotonin 
has probably a similar mechanism. 

As with renin (Landis, Montgomery and Sparkman, 1938), infusion of 
angiotonin causes no consistent change in skin temperature, which was 
measured in a few experiments. Large doses caused salivation, and oc- 
casionally retching, which were also obser\'ed with large doses of renin. 

Discussion. Infu.sion of angiotonin cau.scs renal ischemia which, at 
least at the start of the infusion, may be profound, although it tends to 
lessen as the infusion is continued. The degree of ischemia is relatively 
greater than that obser\’’ed during infusion of renin in doses which produced 
the same percentile increase of arterial pressure. The action of angiotonin 
seems also more fleeting than that of renin, since both renal blood flow and 
arterial pressure tend promptly to return towards normal after interruption 
of the infusion, although, as with renin (Merrill, Williams and Harrison, 
1938), the return of renal blood flow lags behind the return of arterial 
pressure. These obsenmtions are consistent with the action of a substance 
which, when presented during renin infusion, is slowly liberated vithin the 
body, and, when presented as such, acts more intensely and ceases acting 
as soon as it is withdrawn because there is no circulating source of the 
material as there is when renin has been given. 

The increased renal extraction of inulin observed during angiotonin in- 
fusion is similar to that obser\'ed during infusion of renin. Removal of 
inulin from blood in the kidney occurs by glomerular filtration from the 
plasma water, and variations in its removal must result from variations 
of intraglomerular pressure. Since arterial hypertension, presumably due 
to increased cardiac output, has relatively little effect on intraglomerular 
pressure as measured by inulin extraction (Corcoran and Page, 1939a), 
the changes observed during angiotonin infusion occurred as the result 
of circulatory adjustments within the kidney, either by dilatation of the 
afferent or constriction of the efferent arterioles. The co-existence of renal 
ischemia with increased intraglomerular pressure strongly suggests that 
the increased filtration pressure, and, in some measure at least, the restric- 
tion of renal blood flow occurred as the result of constriction of glomerular 
efferent arterioles. Since in some experiments as much as 45 per cent of 
the arterial plasma inulin (and water) was removed in the kidney by filtra- 
tion, the increase in intraglomerular pressure must have been verj' great. 

The renal action of angiotonin is, then, similar to that of renin and 
differs only in those characteristics by which one would expect an effector 
substance to differ from a material from which it is slowly liberated. The 
renal effects of angiotonin and renin are similar to the mechanisms which 
obtain in arterial hypertension in human beings (Smith, Goldring, Cbasis 
and Ranges, 1938; Goldring, ChasLs, Ranges and Smith, 1938), namely, 
decreased renal blood flow and increased filtration fraction (renal extrac- 
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tion of inulin), both, apparently, due to efferent arteriolar constriction. 
It is of interest to note from the observations of Smith and colleagues and 
from our own unpublished data that renal extraction of phenol red is 
also increased in these cases, probabljv bjv a mechanism similar to that 
operating during the infusion of angiotonin and renin. 

SUMMARY 

Infusion of angiotonin into conscious, trained dogs ^^^th explanted 
kidneys, results in increased arterial pressure, decreased renal blood flow, 
and increased extraction of inulin from blood by the kidnejv. These effects 
are similar to those observed during infusion of renin, although with angio- 
tonin the effects were initiall5v more profound, and, after interruption of 
the infusion, more fleeting. The increased extraction of inulin and restric- 
tion of renal blood flow which occur during angiotonin infusion are, in 
great part, the result of efferent glomerular vasoconstriction. The effects 
of angiotonin on the kidney support the view that it is the effector sub- 
stance of renin action. 
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Gilman and Yudkin (1933), using the Hill (1930) method of measuring 
vapor pressure, found the aqueous humor of dogs to be isosmotic to the 
blood. Bonham, Davson, and Duke-Elder (1937), using Baldes’ (1934) 
modification of the thermoelectric method, found the aqueous humor of 
cats under ether anesthesia to be hyposmotic to the blood serum. How- 
ever, in a more recent study, Benham, Duke-Elder and Hodgson (1938) 
found that under local anesthesia the aqueous humor w’as hyperosmotic 
to blood serum and concluded that aqueous humor was formed by secre- 
tion rather than by filtration. They explained their earlier results as 
being due to the fact that ether anesthesia results in an increase in the 
osmotic activity of the blood. 

Investigators who have studied the distribution of ions between blood 
and aqueous humor also disagree as to the mechanism of aqueous humor 
formation. Hodgson (1938) finds the ratio of chloride in the aqueous 
humor to that in the blood serum to be greater than that expected on the 
basis of ultrafiltration. Davson (1939) believes that the distribution of 
sodium and chloride between serum and aqueous humor does not justify 
the assumption of a secretory mechanism for the formation of aqueous 
humor. Walker (1933) found the concentration of urea in the aqueous 
humor of rabbits, dogs and man to be on the average 30 per cent less than 
in the plasma. Similar differences were observed in the concentration of 
uric acid in the aqueous hiunor and plasma of fowds and man and in the 
concentrations of inorganic phosphates and reducing substances in the 
aqueous humor and plasma of frogs. From these results Walker concluded 
that aqueous humor is not formed by simple filtration or dialysis. 

In attempting to throw further light on the mode of formation of aqueous 
humor, we have repeated some of the w'ork of Benham et al. (1938) and, 
in addition, we have studied the osmotic relationship between aqueous 
humor and blood plasma following the injection of a poison, HgCb, into 
the anterior chamber of the eye. 

* This work has been aided by grants from the Rockefeller Foundation and the 
Medical Piesearch Fund of the University of ^linnesota to Prof. M, B, Visscher. 
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Experimental procedure. Determinations of osmotic activity were 
made by the thermoelectric method as modified by Baldes (1934) and 
Baldes and Johnson (1939). All determinations were made in the presence 
of 5 per cent CO 2 in oxygen and the results are expressed in terms of the 
concentration of an isosmotic solution of NaCl. Blood samples were 
drawn in an oiled syringe from the femoral arteiy. The blood was trans- 

TABLE 1 

Comparison of osmotic activity of aqueous Immor and blood plas7na with animals under 

Nembutal anesthesia 


Average, 4 rabbits 


Average, 4 dogs 


ANIMAIi 

TIME 

OSMOTIC AcnviTT IN mJt NaCl pek kilo HiO 



Plasma j 

Aqueous humor 

1 

Difference 

Rabbit 1 

mtniUea 

\ 

155.6 

158.5 : 

+2.9 

Rabbit 2 


164.7 

165.9 

+1.2 

Rabbit 3 | 

0 

147.2 

148.6 

+1.4 

32 

147.6 

150.0 

+2.4 

Rabbit 4 | 

0 

164.0 

165.8 

+1.8 

32 

163.7 

165.3 

+1.6 


( 

0 

160.6 

R 164.0 

+3.4 

Dog 1 , 

27 

160.9 

L 164.9 

+4.0 

1 

72 

161.0 

R 165.3 

+4.3 

Dog 2 1 

0 

160.6 

R 163.3 

+2.7 

54 

159.8 

L 163.7 

+3.9 

f 

0 

160.0 

R 164.0 

+4.0 

Dog 3 ( 

37 

159.3 

R 160.9 

+1.6 

1 

79 

159.0 

R 162.3 

+3.3 

[ 

0 

161.3 

L 164.7 

+3.4 

Dog 11 ] 

29 

163.2 

L 166.1 

+2.9 

1 

93 

164.4 

L 166.7 

+2.3 


+1.9 


+3.3 


ferred to a cooled test tube containing oil and a small amount of dried 
heparin (Connaught), the tube was stoppered and the plasma separated 
immediately by centrifugation. Samples of aqueous humor were removed 
with a tuberculin syringe by lateral insertion into the anterior chamber. 

In adding HgCb to the aqueous humor in the anterior chamber, a 
measured volume (0.01-0.05 cc. as indicated in the table of results) of a 
0.1 M solution of HgCb was placed on the end of the plunger of a 2 cc. 
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syringe and evaporated to. dryness. A portion of the aqueous humor 
(0.3-0.8 cc.) was then drawn into the syringe, the HgCl 2 dissolved by ro- 
tating the syringe and the solution reinjected into the anterior chamber. 
Nembutal was used as the general anesthetic and procain (3 per cent solu- 
tion) as the local anesthetic. 

Results and comment. The results obtained by comparing the osmotic 
activity of aqueous humor and blood plasma of rabbits and dogs under 
Nembutal are given in table 1. In every instance the osmotic activity of 
the aqueous humor was greater than that of the blood plasma. Since 
changes in the osmotic activity of aqueous humor would necessarily lag 
behind any changes occurring in the blood plasma, several series of sam- 



Fig. 1. Changes in osmotic activity of aqueous humor and blood plasma of dog 
following intravenous injection of 5.0 cc. of 10 per centNaCl per kilo of body weight. 
(Kidneys ligated.) 

Fig. 2. Osmotic relation between aqueous humor and blood plasma of dog. Seven- 
tenths cubic centimeter of aqueous humor removed from left eye and reinjected with 
0.003 milli-mol HgCU posterior to iris. 

pies were collected over a period of time in order to be sure that the osmotic 
activity of the pla.sma was relatively constant. Since only 0.05-0.10 cc. 
of aqueous humor was removed for each determination, several samples 
could be taken from the same eye. 

Changes in the osmotic activity of aqueous humor and blood plasma 
following the intravenous injection of hypertonic NaCl are showm in 
figure 1. In this experiment the kidneys were ligated in order that the 
osmotic activity of the plasma would remain constant at the elevated level. 
It should be noted that if the volume of aqueous humor in the eye is not 
reduced by the removal of samples, more than 80 minutes is required for 
the aqueous humor to become again hyperosmotic to the blood plasma. 

It seemed possible that excitement of the animal accompanying the 
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withdrawal of aqueous humor from untrained dogs under local anesthesia 
might result in an increase in the osmotic activity of the jilasma above that 
of the aqueous humor. With this in mind an attempt was made to 
duplicate the results of Gilman and Yudkin (1933) who obtained their 
samples under local anesthesia. The results of these e-xperiments are 
given in table 2. It was found that under local anesthesia the diflcrencc 
in osmotic activity between aqueous humor and plasma is even greater 
than under Nembutal anesthesia. With dogs 7 and 8 two samples of 
blood were taken, one before and the other immediateb’’ after the removal 
of the aqueous humor. With dogs 9 and 10, the blood samples were taken 
immediately following the removal of the aqueous humor and in these 
experiments the dogs became excited and struggled appreciably while the 

TABLE 2 


Comparison of osmotic activity of aqueous humor and blood plasma of dogs under local 

anesthesia (Procaine) 


DOG KO. 

• 

OSMOTIC AcnviTT IS toM NaCl per Eit,o HjO 

Blood plasma 

i 

Aqueous humor 

Difference 

7 

158.0 

162.8 

+5.1 


157.3 



8 

153.3 

159.8 

+6.7 


152.9 



9 

154.7 

161.0 

1 

1 +G.3 

10 

152. S 

156.3 

1 +3.5 

.'tvorage 

' +5.4 



samples were being taken. Dog 10 was recovering from distemper at 
the time of the experiment. 

Although the osmotic activity of the aqueous humor is found to be con- 
.sistently higlicr than that of the blood plasma, the question arises as to 
wlmther this difference, as measured, actually exists in vivo. One may 
not he justified in assuming that the blood removed from the femoral artery 
has thesame osmotic activity as the blood flowing through the optic artery. 
In order to show more conclusively that the difference in o.smotic activity 
between aqueous humor and blood plasma is real and is indicative of an 
active secrctoiy process, we studied the effect of injecting HgCl: into the 
anterior chamber upon tliis difference in osmotic activity. As shown by 
the data given in table 3 and the graph in figure 2, the effect of HgCl; 
is to reduce or abolish the difference in osmotic activity between the plasma 
and aqueous humor. In most of the experiments the aqueous humor and 
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HgCl 2 were injected into the anterior chamber posterior to the iris since the 
injection of HgCb anterior to the iris does not appear to be as effective in 
reducing the difference in osmotic activity. This is shown by the results 
obtained with dogs 3 and 6, and is probably due to the circulation of aque- 
ous humor from the ciliary bodies posterior to the iris into the chamber 
anterior to the iris (Best and Taylor, 1939). 

The concentration of HgCb in the aqueous humor necessary to abolish 
the difference in osmotic activity is of the same order of magnitude al- 
though slightly higher than that found by Ingraham and Visscher (1936) 
to poison the absorption of chloride from the ileum of dogs. 


TABLE 3 

The effect of injection of IlgCU into the anterior chamber of the eye on the difference in 
osmotic activity between aqueous humor and blood •plasma 




OSMOTIC AcnviTT IN mM NaCl pzb eom, water 

soo 

TIME 

Plasma 

Aqueous humor | 

Difference 



Left eye 

Right eye 

Left eye 

1 

Right eye 

3 

jntnufca* 

35 

160.0 

161.9t 

164.0 

1 

1 

4-1.9 

+4.0 


73 

159.3 

160.6 

160.9 

-M.3 

+1.6 


114 

159.0 

160.9 

162.3 

-f-1.9 

+3.3 

4 

13.5 

158.9 

158.9t 

163.7 

0.0 

+4.8 

5 

90 

159.1 

160.5§ 

163.9 

1 +1.4 

+4.8 

6 

160 

160.4 

160.8^ 

161.411 

i +0.4 

+1.0 

12 

100 

157.1 

1.57.2** 

160.6 

+0.1 

-1-3.5 


142 

i 

158.1 

156.6 

160.8 

-1.5 

+2.7 


* Time following injection of HgClj into anterior chamber of left eye. 

t 0.8 cc. of aqueous humor removed and reinjected with 0.0025 milli-mols HgCh 
anterior to iris. 

t 0.7 cc. of ditto with 0.003 milli-mol HgCL posterior to iris. 

§ 0.5 cc. of ditto with 0.001 milli-mol HgCU posterior to iris. 

^ 0.3 cc. of ditto with 0.001 milli-mol HgCL posterior to iris. 

11 0.5 cc. of ditt o with 0.005 milli-mol HgCl- anterior to iris. 

** 0.5 cc. of ditto with 0.002 milli-mol HgCL posterior to iris. 

These results indicate that aqueous humor is not an ultrafiltrate of blood 
plasma. In the formation and circulation of aqueous humor there appears 
to be a net transport of a hyperosmotic solution from the blood plasma 
into the anterior chamber of the eye. This mechanism may be similar 
to that involved in the absorption of chloride from the intestine where 
differences in total osmotic activity also occur. It has been shown that 
during the absorption of chloride from the ileum against a concentration 
gradient, the osmotic activity of the intestinal fluid decreases below that 
of the blood plasma (Roepke and Vi.s.scher, 1939). In that case there is a 
net movement of hyperosmotic solution into the blood. 
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The authors are indebted to Prof. M. B. Visscher for his helpful sug- 
gestions and criticisms. 


SUMMARY 

The osmotic activity of aqueous humor was found normally to be higher 
than that of the blood plasma. The re-injection of aqueous humor con- 
taining HgCb into the anterior chamber posterior to the iris was found to 
abolish the difference in osmotic activity between aqueous humor and blood 
plasma. 

The results support the view that active secretory processes are involved 
in the formation of aqueous humor. 
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Hunt (1) observed that large doses of acetylcholine caused a rise rather 
than a fall in blood pressure in animals in which the vasodilator action of 
this drag was opposed by atropine. Numerous other early authors (2, 
3, 4, 5, 6 and 7) described the vasopressor effect of choline and some of 
its derivatives in atropinized animals. Dale (7) distinguished between the 
“muscarine-like” (vasodilator and other parasympathomimetic actions) 
and the “nicotine-like” effects of acet 3 dcholine. He assumed that the 
latter effects were due to a ganglionic stimulant action of acetylcholine 
and showed that doses of nicotine sufficient to paralj'-ze autonomic ganglia 
abolished the vasopressor effects of acetylcholine. 

More recentljL Simonart (8)^ and Feldberg and Minz (9) confirmed the 
obseiA'ations of Dale and others, but believed that at least part of the 
acetylcholine rise was due to mobilization of epinephrine from the supra- 
renal glands. 

The assumption of Hunt and Dale that the vasopressor action of acetyl- 
choline is due to ganglionic stimulation received confirmation b}’’ the work 
of Feldberg and Gaddum (10), and by Koppanjd, Dille and Linegar (11). 
The latter have shown that the depression or paralysis of the superior 
cendcal ganglion by nicotine may be overcome by large doses of acetyl- 
choline or physostigmine. The present work was undertaken to extend 
these observations to the vasomotor sympathetic ganglia and to anab'ze 
the vasopressor and other “nicotine-like” actions of acetylcholine. 

Experimental. Dogs and cats were used throughout the experiments. 
In most cases sodium pentobarbital (30-35 mgm.^) administered intra- 
venou.sly was used as an anesthetic; in others sodium amytal (50 mgm. 
by vein) or urethane (from 0.75-1.00 gram intraperitoneally) was used. 
The drugs used were administered intravenou.sly in all cases with the ex- 
ception of cocaine hj'^drochloride, which was also given intramuscularljL 

^ All doses are expressed in terms of milligrams per kilogram of body weight, unless 
otherwise stated. To avoid repetition the words “per kilogram of body weight” 
are omitted. 
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In all animals the blood pressure was recorded from the common carotid 
artery and the respiration by connectmg a tracheal cannula with a Marej" 
tambour. Duodenal motility was recorded with a water manometer 
connected to a balloon inserted into the upper duodenum through the 
stomach. 

In several exiieriments it was necessaiy to inject fixed quantities of 
arterial blood of one animal into a vein of another. This was done bj" 
inserting a three-way glass cannula into the common carotid arteiy of the 
donor and into the femoral vein of the recipient (dogs or cats) with each 
cannula connected by small rubber tubing to a metal three-way T-valve 
to which a 30 cc. syringe was attached. A clamp was placed on the can- 
nulated carotid arteiy between injections. By releasing the clamp on the 
artery and opening the valve of the metal T-tube on the arterial side, 
the syringe was allowed to fill to the desired volume, the arterial valve 
was closed, the valve connected with the femoral vein opened, and the 
blood injected into the recipient at a constant rate. Careful cleaning 
of the cannulae and prompt saline infusion following the transfusion made 
it unnecessaiy to use an anticoagulant. 

A. The action of physostigmine on the acetylcholine pressor effect. It is 
a well known fact that doses of acetylcholine from 1 to 5 mgm. ]iroduce a 
marked vasopressor effect in atropinized animals. In these animals (2 
to 5 mgm. of atropine sulfate) under barbiturate or urethane anesthesia 
we have found that 0.5 mgm. of acetylcholine chloride usually produced 
pressor effects, but that 0.15 mgm. or less did not produce pressor responses 
except for small rises in an occasional animal. It was observed, however, 
that when an atropinized animal was given 0.5 to 1.0 mgm. of ph.ysostig- 
mine salicylate or prostigmin, acetylcholine in doses of 0.025 to 0.1 mgm. 
produced sharp epinephrine-like rises in blood pressure of 30 to 120 mm. 
of mercury (see fig. 1). Occasionally, with optimum amounts of physostig- 
mine, definite pressor effects were seen following the injection of 0.001 to 
0.005 mgm. of acetylcholine. 

In animals in which the amounts of atropine (5.0 mgm.) and acetyl- 
choline (0.05 mgm.) were being kept constant, physostigmine was ad- 
ministered in graduallj’' increasing amounts from 0.005 mgm. upward. The 
results showed that in the average animal from 0.03 to 0.04 mgm. of physo- 
stigmine was necessary to obtain a definite elevation of blood pressure from 
0.05 mgm. of acetylcholine. Doses of 0.02 mgm. of physostigmine or less 
were ineffective, while with up to 0.5 mgm. of plysostigmine the magnitude 
of the acetylcholine pressor effect increased. With 0.5 to 15 mgm. of 
physostigmine the acetylcholine vasojiressor effects were about optimal, 
while beyond that point they began to decline. Artificial respiration 
was often necessary after the animal had received 4 to 6 mgm. of physostig- 
mine or 1 to 2 mgm. of prostigmin. 
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The doses of atropine used in all experiments varied from 0.5 to 60 
mgm. In general large dose.s of atropine did not appear to interfere either 
with the vasopre.ssor action of acetylcholine or the action of physostigmine, 
unle.ss it produced toxic effects with marked fall in blood pres.surc. 

In addition to acetylcholine two other choline derivative.s with" nicotine- 
like” action, viz., muscarine (nitrous acid ester of choline) and dorj'l 
(carbamyl choline chloride), were given in doses of 0.05 to 1 mgm. to 
atropinized animals. The minimum dose of muscarine producing a rise 
in blood pre.ssure in atropinized dogs lies between 0.1 to 0.5 mgm. and of 
doiyl 0.05 to 0.2 mgm. One-half to I.O mgm. of muscarine produced 



Fig. 1. Dog, 9.G kgm., 30 mgm. of sodium pentobarbital per kilogram by vein. 

A, line indicating injection of drugs. B, time, 2 .seconds; base line representing 
zero mm. of Hg pressure. C, blood pre.ssure tracing from the common carotid artery. 

I, 5.0 mgm. of atropine sulfate per kilogram, vein. II, two minutes later; 0.05 
mgm. of acetylcholine chloride per kilogram, vein. Ill, one minute later; 0.1 
mgm. of acetylcholine chloride per kilogram, vein. IV, one minute later; 1.0 ragrn. 
of physostigmine salic3'late per kilogram, vein. V, five minutes later. 0.05 mgm. of 
acetj'lcholine chloride per kilogram, vein. 

pressor effects ranging from 30 to 70 mm. of mercuiy, and 0.5 to 1 mgm. of 
doiyl rises in blood pre.ssure of 40 to 120 mm. Physostigmine in doses 
of 0.1 to 5 mgm. did not increase the magnitude of the pre.ssor responses 
of either muscarine or doryl. 

B. Phenomena accompanying the pressor effect of acetylcholine. In addi- 
tion to the elevation of blood pres.sure, the animals treated with atropine 
and ply'sostigmine .show central stimulation, increase in respiration (16), 
stimulation of the ocular .sympathetics, relaxation of the gut and cardiac 
acceleration following the injection of 0.05 mgm. of acetylcholine. 

In a number of experiments in which the duodenal motility was recorded, 
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acet34choline in the presence of small amounts of atropine and relativeli" 
large amounts of physostigmine produced a distinct phase of relaxation 
of the intestine (see fig. 2). In those cases in which the pressor effect of 
acetjdcholine Avas preceded bj'' a marked fall in blood pressure, this intes- 
tinal relaxation occurred before the blood pressure elevation. In control 
experiments Avhen pressor responses were produced bj' rapid injection of 
7 per cent acacia solution there was no effect on intestinal motility and 
when blood pressure falls were produced bj”^ injections of acetyl-beta- 
methjdcholine there was onlj" an increase in duodenal activity (see fig. 2). 



Fig. 2. Dog, 8.6 kgm., 35 mgm. of sodium pentobarbital, 0.1 mgm. of atropine 
sulfate and 0.5 mgm. of prostigmin per kilogram by vein. 

A, line indicating injection of drugs. B, time, 2 seconds; base line representing 
zero mm. of Hg pressure. C, blood pressure tracing from the common carotid arterj'. 
D, tracing of duodenal motility. 

I, 0.05 mgm. of acetylcholine chloride. II, 0.05 mgm. of acetyl-beta-methyl- 
choline chloride. Ill, 0.1 mgm. of acetjdcholine chloride. IV, 0.3 mgm. of acetyl- 
choline chloride. V, following 3.0 mgm. of nicotine salicylate; 0.1 mgm. of acetyl- 
choline chloride. 


Nicotine in doses of 1 to 10 mgm. abolished the pre.ssor effect of acetyl- 
choline and the accompanjdng intestinal relaxation. 

C. The duration of action of physostigmine in atropinized animals. In 
two dogs receiAung sodium pentobarbital, the duration of action of 1.0 
mgm. of phj'sostigmine upon the A^asopressor effect of 0.05 mgm. of acetyl- 
choline folloAving 3.0 mgm. of atropine AA’as found to be about .six hours. 
The acetylcholine effects did not diminish in height until about the end of 
the plijAsostigmine action, but the latent period betAA'een injection of 
acetylcholine and the beginning of the blood pressure rise Avas lengthened, 
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and the rise in Idood pressure was more gradual thougli of the same height. 
At the end of physostigmine action acetylcholine produced a small rise, 
no rise, or even a fall in blood pre.ssure. Additional idiysostigminc restored 
the pressor effects without the necessity of another atropine injection. 

Similarly the vasoi)rc.ssor effect, of acetylcholine was preserved after 
clamping the abdominal aorta at the level of the diaphragm in one cat 
and two dogs and remained undiminished for two hours or more until the 
animals began to fail. 

D. T/ic action of cocaine on the vasopressor response to acetylcholine. 
Cocaine hydrochloride, if administered to animals in do.s'es of 3.0 mgm. 
intravenously or 5 to 10 mgm. intramuscularly, produced a gradual rise 
in blood pressure with occasional cardiac iri’egularities. If the above doses 
of cocaine were administered to animals already under the full effects 
of atropine, subsequent injections of 0.025 to O.Io mgm. of acetylcholine 
did not prodiice jjressor effects. In several cases, it was observed that 
doses of acetylcholine producing no hemodynamic effects before cocaine 
produced depression of blood pressure following cocaine. This latter 
effect may be attributed to the cardiac and probably A'a.sciilar to.xic effects 
of cocaine. 

In all exitcriments when vasoj)rc,ssor effects from 0.025 to 0.15 mgm. of 
acetylcholine Avere established by j)rcvious administration of atropine 
and physostigmine or prostigmin, cocaine enhanced and ])rolonged the.se 
vasopressor responses (see fig. 3). Occasionally these potentiated pre.ssor 
effects Avere jjrocedcd by falls of blood pressure. Cocaine in a feAv experi- 
ments potentiated the pre.ssor effects of both muscarine and doryl. 

E. Locus and mode of the vasopressor action of acetylcholine. Acetyl- 
choline pre.ssor effects arc similar in appearance and duration to those 
obtained Avith epinephrine or nicotine. This epinephrine-like action may 
be due to central effects, carotid sinus reflexes, mobilization of epinephrine 
from the suprarenal glands or of other pre.ssor substances, e.g., from the 
liA’er, or to stimulation of any part of the .sympathetic neurone by acetyl- 
choline directly, or to a combination of these factors. To detei-minc the 
part these factors may pla3’- in the elicitation of the acetAdcholine pressor 
effect, the folloAAung group of experiments Avas performed. 

1. Carotid sinus and central effects. In seven cats and nine dogs both 
carotid sinuses A\'ere removed, both superior cervical ganglia resected and 
the vagi cut above the ganglia nodo.sa. In these animals Avith blood 
pressures of about 150 mm. of mereuiy and treated prcAdouslA' Avith 5 mgm. 
of atropine and 1 mgm. of physostigmine, 0.1 mgm. of acetAdcholine pro- 
duced blood pres.sure ekwations of 60 mm. of mercur}' or more. 

In tAvo cats the entire cerebmm, cerebellum, medulla and spinal cord 
AA'ere destrojmd in an acute experiment, the animals being kept aliAm bj" 
artificial respiration and continuous intraAmnous infu.sion of 7 per cent gum 
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acacia solution in saline. In these two animals previouslj' treated with 
5 mgm. of atropine and 2 mgm. of pltysostigmine, 0.05 to 0.2 mgm. of 
acetylcholine produced rises up to 40 mm. of mercury which persisted 
after clamping the abdominal aorta. In these animals the blood pressure 
elevations were not accompanied by respiratory stimulation and move- 
ments of the animals. 

2. Removal of the adrenals or liver and evisceration hy clamying the ab~ 
doyninal aorta. The following experiments were performed in nembutal- 
ized animals treated with phj’-sostigmine (1 mgm.) and atropine (5 mgm.) 



Fig. 3. Dog, 11.75 kgm., 30 mgm. of sodium pentobarbital, 5.0 mgm. of atropine 
sulfate and 1.0 mgm. of physostigmine salicjdate per kilogram by vein. 

A, line indicating injection of drugs. B, time, 2 seconds; base line representing 
zero mm. Hg pressure. C, blood pressure tracing from the common carotid artery. 
D, respiratorj’^ tracing from a tracheal cannula. 

I, 0.05 mgm. of acetylcholine chloride per kilogram, vein. II, one minute later; 
0.1 mgm. of acetylcholine chloride per kilogram, vein. Ill, two minutes later; 3.0 
mgm. of cocaine hydrochloride per kilogram, vein. IV, two minutes later; 0.05 mgm. 
of acetylcholine chloride per kilogram, vein. V, one minute later; 0.1 mgm. of 
acetylcholine chloride per kilogram, vein. 

and in most cases under artificial respiration, particularly after clamping 
of the aorta. 

a. In ten dogs and five cats clamping the abdominal aorta at the level 
of the diaphragm did not prevent pressor effects from 0.05 mgm. of acetyl- 
choline injected into the external jugular vein. The rises were sometimes 
smaller, but often as great or greater than those obtained previous to 
clamping of the aorta in spite of the higher blood pressure level. In both 
cats and dogs pressor effects from acetylcholine after clamping the ab- 
dominal aoi’ta could be elicited as long as the animals lived. 
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b. In three dogs the entire liver vas removed in acute experiments and 
the abdominal aorta clamped at the level of the diaphragm. In these 
animals 0.05 to 0.2 mgm. of acetylcholine produced blood prc.ssure rises 
from 10 to 60 mm. of mercury. 

c. In three cats and two dogs the skin of the anterior part of the animal 
was removed. Acetylcholine (0.05 mgm.) was then injected into the ani- 
mals previously' treated by atropine and physostigmine and the usual 
pressor effects obtained. Following clamping of the abdominal aorta, 
the same dose of acetylcholine usually produced a steep fall in blood 
pre.ssure, whereas 0.1 cc. (total dose) of a 1 : 10,000 .solution of epinephrine 
or 0.2 mgm. of nicotine produced ri.scs of blood pre.ssure. In one dog 
immediately after clamjiing the aorta acetylcholine produced prc.ssor 
effects twice and further injections produced falls. 

d. In fifteen animals both adrenals were removed and the blood pres- 
sure was kept above the shock level cither by continuous intravenous 
infusion of 7 per cent acacia solution in saline or by clamping the abdom- 
inal aorta just below the diajihragm. In all these animals 0.05 to 0.1 
mgm. of acetylcholine produced blood pressure elevations from 10 to 60 
mm. of mercury*. In other animals in which the adrenals were removed 
or the adrenal veins clamped and the resulting blood pressure fall was not 
compensated by* either of the two above measures, acctydcholine produced 
a small or no rise in blood pressure. In one animal both adrenals were 
removed and the blood pre.ssure rose to 90 mm. of mercury ]§ hours after 
the operation. In this animal 0.1 mgm. of acetydeholine produced a 
rise in blood pressure of 102 mm. 

3. The actions of certain autonomic drugs on the vasopressor response to 
acetylcholine. Whereas ph.vsostigmine (section A) renders non-effective 
doses of acetydeholine effective and cocaine (section D) enhances the 
pre.ssor effect of acetydeholine, nicotine (12) and ergotamine (13) reverse 
the vasopressor effects of acetydeholine in atropinized animals. 

4. The effect of acetylcholine in the absence of sympathetic ganglia. In 
each of two dogs under nembutal anesthesia and artificial respiration 
both superior cervical and stellate ganglia and both thoracic sympathetic 
chains were removed. Following this operation the chest was closed and 
the animals allowed to breathe again. In these animals the injection of 
0.05 mgm. of acetydeholine produced marked rises in blood pressure pre- 
ceded by' a small fall. Following this intravenous injection of acetyl- 
choline the abdominal aorta was clamped at the level of the diaphragm 
and the experiments were continued using only* the anterior portion of the 
animal which was completely* deprived of its .sy'mpathetic ganglia. In- 
jections of 0.05 mgm. of acetydeholine into the external jugular vein now 
produced without exception marked falls in blood pressure. In no in- 
stance was there the slightest evidence of a nicotinic action in the absence 
of the .sympathetic ganglia (see fig. 4). 
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. 5. Proof of liheralion of pressor substances by acetylcholine. In seven 
experiments two dogs were arranged so that blood from a donor receiving 
5 mgm. of atropine and 1 mgm. of ph 3 ’'sostigmine could be rapidly ti'ans- 
ferred into a cocainized recipient (5 to 10 mgm. cocaine hj^drocliloride, 
intramuscularlj"). In each case the donor received 0.05 to 0.1 mgm. of 
acetylcholine; at the beginning of the pressor response 20 cc. of blood 
(in one animal 8 cc.) were taken and transferred into the recipient. This 
quantity of blood if injected immediate^ into the recipient produced 
pressor re.sponses from 1^ to 6 times the rise obtained from control blood 
injections. The same results were obtained in one experiment with cats 
in which 5 cc. of blood were transferred. In an experiment on dogs, in 



n 







Fig. 4. Dog, 8.6 kgm., complete sympathetic gangliectomy of the upper animal 
(both superior cervical ganglia and both thoracic chains removed), 30 mgm. of 
sodium pentobarbital, 3 mgm. of atropine sulfate and 1.0 mgm. of physostigraine 
salicylate per kilogram, vein. 

A, line indicating injection of drugs. B, base line representing zero mm. Hg 
pressure. C, blood pressure tracing from the common carotid artery. 

I, before clamping the abdominal aorta; 0.05 mgm. of acetylcholine chloride, 
femoral vein. II, after clamping the abdominal aorta at the diaphragm; 0.05 mgm. 
of acetylcholine chloride, external jugular vein. 


which the abdominal aorta and adrenal glands of the donor were clamped 
before 20 cc. of blood were transfeiTed, similar results were obtained. The 
results were negative in one dog following the transfer of blood after 
acetylchoUne injection and in all cases in wliich the recipient was not 
cocainized. In three of the above experiments after 1 to 3 mgm. of nico- 
tine were administered to the donor receiving atropine and physostig- 
mine and transfer of blood was made following acetylcholine injection, 
no rise in blood pressure occurred in the recipient, whereas before nicotine 
admuiistration to the donor definite pressor effects were obtained upon 
transfer of blood following acetylcholine injection into the donor. 

In everj^ case acetylcholine administered to the recipient produced 
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marked falls in Idood pressure. Occasionally a rise in blood pressure 
followed by a secondary fall in the recipient occurred when transfer of 
blood was made following acetylcholine to the donor, particularly when 
the blood was taken too soon after acetylcholine injection or after a larger 
dose of acetylcholine. If the recipient received pln^sostigmine in addition 
to cocaine, the transfer of blood following acetylcholine injection to the 
donor resulted in blood pressure falls in the recipient. 

In seven dogs receiving amytal or nembutal anesthesia, it was found 
that the “apparent” blood epinephrine content ranged from 0.038 to 0.061 
microgi'am per cubic centimeter as detennined by Shaw’s method (14) for 
the estimation of eiiinephrinc. In the.se animals the “apparent” blood 
epinephrine concentration was not changed by the injection of 5 mgm. of 
atropine and 1 mgm. of jihysostigmine, the bloods being tested one-half 
to one hour after injeclion of these drugs. Blood taken at the beginning 
of the marked pre.ssor respon.«es to 0.05 to 0.1 mgm. of acetylcholine in 
these animals showed no alteration in the “apparent” blood epinephrine 
content. I’his indicates either that epinephrine is not liberated by 
acetylcholine injections or that the test is not sensitive enough to detect 
the increase. On the olhei' hand, the “apparent” blood epinephrine con- 
tent was increased 30 per cent in one dog (weight 6.8 kgm.) by the in- 
travenous injection of a total do.se of 0.25 cc. of 1 : 10,000 epinephrine solu- 
tion, and in another dog (weight 7.3 kgm.) 334 per cent by a total dose of 
0.25 cc. of 1 : 1000 epinephrine. The blood samples were taken from the 
femoral artery duiing an interval of 2 to 1 1 seconds after injection into the 
femoral vein on the oppo.sitc leg. 

Discu.ssiox. The ablation of the carotid sinuses and the destruction 
of the entire central nenmus .system does not interfere with the acetyl- 
choline pre.ssor effect in atropine-physostigminized animals. It was fur- 
ther demonstrated that mobilization of epinephrine from the suprarenal 
glands and adrenergic substances from the liver or splanchnic viscera by 
acetylcholine were not singly re.sponsible for the elicitation of the acetyl- 
choline pressor response. Sympathomimetic substances which are lib- 
erated following acetylcholine injections produce definite ph 3 'siological 
responses when transferred from one animal to another. This sub.stance 
(or substance.s) produced through ganglionic stimulation In' acet,vlcholine 
has manj' cpinephnne-Iike actions. Chemical tests indicate that this 
.s.ympathetic substance, oi- at least considerable portions of it, is not 
identical with epinephrine. 

It is generallj' admitted' that the .splanchnic area and the skin contain 
most of the effectors on which adrenergic agents act in producing vaso- 
constriction. In the e.vperiments in which the splanchnic viscera were 
excluded bj' clamping the abdominal aorta and the skin removed from the 
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anterior part of the animal, these effectors were excluded. According to 
expectations in these animals, though atropinized, acetylcholine produced 
onty its inherent vasodilator effect. 

The data reported in this paper establish the fact that the “nicotine- 
like” action of acetylcholine is due to stimulation of vasomotor S 3 ’-mpa- 
thetic ganglionic cells. It was shown that nicotine abolishes and reverses 
the pressor effect of acetylcholine in intact atropinized or atropine-phj^sos- 
tigminized animals, both before and after the clamping of the abdominal 
aorta. Similar reversals of the acetylcholine pressor effects were obtained 
upon clamping the abdominal aorta in animals in which the cervical and 
thoracic S 3 ^mpathetic ganglia were removed. This method of complete 
S3mipathetic gangliectom3’’ is of interest because it can be carried out 
fairty rapidl 3 ’' i^ acute experiments and because it is a feasible method of 
remoidng or excluding all S3'’mpathetic ganglia with abolition of all “nico- 
tine-like” actions of acetylcholine. Bacq (15) reported that he removed 
all sympathetic ganglia or sectioned all S3’^mpathetic postganglionic fibers 
and claimed that in atropinized animals following S3TOpathectomy the 
intravenous injection of 5 mgm. of acetylcholine did not produce a con- 
traction of the muscle of the nictitating membrane. Feldberg and Minz 
(9) . attempted partial S3'mpathetic gangliectomies in cats and found that 
removal of the stellate ganglia diminished the cardio-accelerator action 
of acetylcholine and that the removal of the solar plexus and of the in- 
ferior mesenteric ganglia diminished the splanchnic vasoconstriction 
produced b 3 '^ acetylcholine. These authors, however, admitted that the 3 ’’ 
were unable to perform complete s 3 Tnpathetic gangliectomies and to abol- 
ish or reverse the pressor action of acetylcholine. 

The threshold of the sympathetic ganglia to acetylcholine is much higher 
than that of the vasodilator receptors and in most animals at least 0.5 
mgm. of acetylcholine is necessar3'- to elicit the “nicotine-like” effects. It 
was found that the amount of the acetydeholine sufficient to stimulate the 
ganglia was considerably lowered b3'^ the administration of ph3’^sostigmine 
or prostigmin. The fact that ph3'sostigmine potentiates markedly the 
pressor effects of acetylcholine, but not those of muscarine and doiyl, 
indicates that at least in part the ph3’-sostigmine potentiation of the 
acetylcholine pressor effect is probably due to its anti-cholinesterase 
activity. 

Atropine interferes only with the “muscarine-like” actions of acetyl- 
choline but its opposition to these latter effects is a relative and variable 
one. For example, large doses of acetylcholine ma3’^ produce in the pres- 
ence of small or moderate amounts of atropine a rise in blood pressure, 
whereas a smaller dose of acetylcholine ma3'^ produce a fall. The small 
dose of acetylcholine does not reach the threshold of the vasomotor 
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sympathetic ganglia, while with the large doses the resultant pressor 
response is a mere algebraic addition of the nicotinic and muscarinic 
actions of acetylcholine. 

Cocaine alone does not initiate vasopressor responses to small ineffective 
amounts of acetylcholine in the presence of atropine, but potentiates such 
responses only if acetylcholine is given in doses sufficient to produce 
small pressor effects. These experiments show that cocaine potentiates 
the pressor effect of .substances liberated bj" acetylcholine stimulation of 
the sympathetic ganglia. 

SUMMARY 

1. The anti-cholinesterases, physostigmine and prostigmin, potentiate 
the pressor effect of acetylcholine but not that of muscarine and doryl. 

2. Small doses of acetylcholine in the presence of physostigmine or 
prostigmin also produce acceleration of the heart, relaxation of the gut, 
stimulation of the ocular sympathetics, incoordinated somatic motor 
efforts and stimulation of respiration in atropinized animals, 

3. The pressor effects produced by acetylcholine are preserved fol- 
lowing removal of the carotid sinuses, the central nervous S5’’stem, the 
adrenal glands, the liver, and/or clamping of the abdominal aorta at the 
level of the diaphragm. Upon the removal of the thoracic sympathetic 
chain and the superior ceiAucal ganglia, acetylcholine does not produce 
pressor effects or other nicotinic actions following clamping of the ab- 
dominal aorta. Thus the site of the pressor effect of acetylcholine 
has been definitely localized in the sympathetic ganglia, purely pharma- 
cological evidence supports this conclusion (nicotine, a ganglionic paral- 
ysant, abolishes and often reverses the pressor effect of acetylcholine). 

4. The substance or substances liberated by acetylcholine stimulation 
of the sympathetic ganglia may be transferred from one animal to another 
producing pressor effects in the recipient. 

5. Cocaine does not initiate pressor responses from small ineffective 
doses of acetylcholine in atropinized animals, but it enhances these effects 
from effective doses of acetylcholine, 
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The fact that an animal may become resistant to the action of a hormone 
after a period of pretreatment has first clearly been shoivn for the para- 
thyroid hormone (1), Later we made similar obser\mtions concerning the 
gonadotropic principles and concluded that in the latter case the resistance 
is due to the formation of hormone antagonistic substances since we 
found that “the blood of animals which have become insensitive to the 
anterior pituitary-like hormone of pregnancy urine is able to inactivate 
this hormone” (2, 3), On the basis of these experiments, Collip (4) 
formulated the theoiy that resistance to gonadotropic hormone develops 
because the organism produces a specific “antihormone” against this 
principle. Numerous other instances in which the antihormone theory of 
, hormone resistance proved applicable have recently been considered in 
our detailed review of this subject (5). It was obsenmd, however, that 
in many cases, hormone resistance may develop without the formation of 
demoastrable antihormones. Thus we consistently failed to reveal any 
parathyroid hormone neutralizing effect in the blood of animals pretreated 
with this principle (6). Similarly we show^ed that although chronic 
treatment with adrenalin fails to elicit the formation of a specific adrenalin 
antagonizing principle, it gives the organism a very marked resistance 
against this hormone (7, 8). We noted, furthermore that the enlargement 
of the pituitary, the adrenal cortex and the corpora lutea elicited in the 
rat by estrogen overdosage regresses after several weeks of treatment in 
spite of daily estrogen administration. We had to conclude therefore, 
that the organism may acquire estrogen resistance (9) although others 
have showm (10-12) and we may confirm (6) that estrin does not lead 
to antihormone formation. More recently w'e noted that young rats 
chronically treated with large doses of estrogens show' a marked decrease 
in body w'eight during the first w'eek but then reveal the development of 
resistance by the resumption of normal grow'th and weight increase. 
This readily distinguishable external sign of adaptation to the systemic 
effects of estrogen overdosage proved to be a useful indicator w'hich served 
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as a basis for the experiments to be reported in this communication. Tlie 
main purpose of tliese experiments was to analyze further the phenomenon 
of hormone resistance Avithout antihormone formation and to establish 
the degree of specificity of such a resistance. As will be seen from the 
experiments reported in the experimental part of this paper, this resistance 
is not very specific inasmuch as pretreatment with estradiol renders animals 
resistant to the artificial synthetic estrogen diethylstilbestrol and vice versa. 

Experimental part. In our first experiment, we used 32 male and 32 
female grcAAniig albino rats. At the beginning of the experiment the body 
weight of the males varied between 110 and 143 grams and that of the 
females between 107 and 145 grams. Eight males and 8 females received 
daily doses of 2 mgm. of estradiol subcutaneously in 0.1 cc. of peanut oil 
Avhile 8 males and 8 females Avere giAmn subcutaneous injections of the same 



Fig. 1 Fig. 2 

Fig. 1. Weight curves of rats adapted to a large dose of stilbestrol, then treated 
with estradiol and of controls not adapted receiving estradiol during the last week of 
the experiment. 

Fig. 2. Weight curves of rats adapted to a large dose of estradiol, then treated 
with stilbestrol and of controls not adapted receiving stilbestrol during the last week 
of the experiment. 

daily dose of 4;4'-dihydroxy-a:/9-diethylstilbene (diethylstilbestrol or 
stilbestrol) dissolA’’ed in the same amount of peanut oil. The animals Avere 
Aveighed at the onset of the e.xperiment and then once a Aveek throughout 
the .^treatment period. From their aA'^erage Aveight, Ave constructed the 
groAvth curves shoAvn in figures 1 and 2. These graphs indicate that 
during the first Aveek, the rats of both sexes lost a great deal of Aveight as 
a result of the estrin treatment. By the end of the second Aveek then- 
Aveight had begun to increase, hoAveA'^er, and in spite of continued daily 
treatment AA'ith the estrogens, the animals in all groups except in that of 
the diethylstilbestrol treated femal&s continued to gain until the fifth AA'eek. 
In the latter group, after the recovery from the initial Aveight loss, the 
body Aveight remained fairly constant. It is noteAA'orthy that although 
before treatment, the males of both experimental series AA^ere larger than 
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tlie females, the former lost so much more weiglit during the initial phase 
of estrogen administration that 1)y the end of the first week, their average 
weight was below that of the femalas. At the end of the fifth week, the 
treatment of the animals adapted to astradiol was changed to diethyl- 
stilbestrol, while the animals which had so far been treated with the latter 
compound were given the same amount of estradiol for one week. As 
the graph indicatas, this change in the type of the estrogen administered 
did not lead to any significant difference in the growth rate. At the same 
time, that is to say, during the fifth week of the experiment two other 
groups each consisting of 8 male and 8 female rats — which had not been 
pretreated but \vere approximately comparable in size to the estrogen 
pretreated animals — were given similar daily injections of estradiol and 
diethylstilbestrol ^espectivel 3 ^ The graph shows the considerable loss 
of •weight Avhich resulted from this treatment, a loss of weight which is 
approximately similar to that occasioned by the estrogens in the pre- 
treated group during the first week of treatment. This experiment indi- 
cates quite clearly that resistance may be acquired to the toxic actions 
of both estradiol and diethylstilbestrol and that pretreatment "Rdth one 
of these estrogens renders the animals resistant to both estrogenic com- 
pounds. 

It appeared of interest to establish whether a similar resistance to the 
toxic effect of large doses of estrogen may also be obtained by pretreat- 
ment -with smaller doses. In order to determine this and to obtain further 
evidence supporting the conception of “crossed resistance” between the 
naturally occurring and artificial estrogens, we performed the foUowing 
experiments. 

Sixteen male (body weight 100-129 grams) and 16 female rats (body 
weight 96-120 grams) were dhuded into two groups, each of which con- 
tained 8 males and 8 females. One group received daily injections of 
300 gamma of diethylstilbestrol and the other 300 gamma of estradiol 
subcutaneously in 0.1 cc. of peanut oil daily. Figures 3 and 4 .show that 
this dose was tolerated without any loss of weight by the diethylstilbestrol 
treated males and the estradiol treated females while the remaining two 
groups showed a slight initial decrease in the average body -weight. How- 
ever growth was soon resumed by all groups and at the end of the fourth 
week, the body weight was far above the initial value in all animals. At 
this time, the estradiol pretreated rats Avere changed to daily injections of 
1 mgm. of diethylstilbestrol wdiile the animals pretreated -vrith the latter 
substance received 1 mgm. of estradiol. Both substances were ad- 
ministered subcutaneously in 0.1 cc. of peanut oil. As indicated by our 
graphs, the trend of the growth curves -was not significantly altered by this 
change to a large dose of a different estrogen. At the end of the fourth 
week, that is to say, at the time when the change in treatment occurred, we 
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began injecting a group of 8 males and 8 females with similar I mgm. daily 
doses of diethylstilbeslTol and another group of 8 males and 8 females 
vitli the same amount of estradiol. These animals which had not been 
pretreated vdth estrogens showed a considerable decrease in body weight 
as indicated in figures 3 and 4, thus demonstrating that the pretreated 
group has really acquired a definite estrogen insensitivity. 

Discussion. Our experiments indicate that the organism may adapt 
itself at least to the toxic effects of both estradiol and stilbestrol. While 
this is merely a confirmation and extension of previous observations 
(9, 13-15), it is of particular interest that adaptation to the naturally 
occurring steroid hormone, estradiol, induces resistance to a stilbene 
derivative which has a different chemical structure. At least in this 
instance, it appears that acquired hormone resistance without antihormone 



Fig. 3 Fig. 4 

Fig. 3. Weight curves of rats adapted to a relatively small dose of stilbestrol, 
then treated with a large dose of estradiol and of controls not adapted receiving 
estradiol during the last week of the experiment. 

Fig. 4. Weight curves of rats adapted to a relatively small dose of estradiol, then 
treated with a large dose of stilbestrol and of controls not adapted receiving stil- 
bestrol during the last week of the experiment. 

formation is less specific than it usually is in cases of antihormone produc- 
tion. It will be recalled that resistance to gonadotropic preparations 
from the pituitary which is due to antihormone formation does not render 
animals insensitive to gonadotropic pregnancy urine extracts or vice versa 
(2, 3). Furthermore, antihormones elicited by treatment with a certain 
thyrotropic preparation have little or no effect on thyrotropic extracts 
prepared by a different method (16, 17). 

With regard to the theoretical interpretation of the mechanism re- 
sponsible for the crossed resistance between the two estrogens which we 
used, the following two possibilities present themselves. First it is con- 
ceivable that diethylstilbestrol is transformed, in the organism to a sub- 
stance similar to or identical in structure with estradiol and that it acts 
only after, transformation into a compound of the steroid type. If this were 
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true, we would not be dealing with a real example of crossed resistance, 
since at the time when the estrogens wliich we employed exerted their 
pharmacological action, they would have become chemically identical or 
at least extremely similar. However, this inkjrpretation receives no 
support from the bioassays which demonstrate that weight for weight, 
diethylstilbestrol is more acti^’'e than most of the natural estrogens. The 
findings of Stroud (18) likewise indicate that the assumption of such a 
transformation is unfounded since he showed that diethylstilbestrol may 
be recovered as such from the urine of rabbits treated with this com- 
pound. It is true that the recoveiy is not quantitative but the author 
states that “. . . 4:4''dihydroxy-a:jS-diethylstilbene give recoveries of the 
order of 20 per cent compared with 1.5 per cent found for oestrone. This 
indicates a metabolic process for the synthetic oestrogens different from 
that of oestrone." These observations are not readily compatible with the 
view that diethylstilbestrol acts only after conversion into a steroid estro- 
gen similar to the naturally occurring compounds. 

A second and more likely explanation of our findings is that the organism 
does not become resistant to a certain chemical substance with estrogenic 
actions (that is to say, in our case to estradiol or diethylstilbestrol) as such, 
but to the estrogenic effect itself. If such an interpretation should prove 
to be correct, this case of crossed resistance would deserve special interest 
inasmuch as it would be a case of adaplalion to an action or effect rather 
than to a certain chemical substance or drug. 

Before closing this discussion, we should like to add that in numerous 
experimental series we noted that with very long continued estrone, estra- 
diol or diethylstilbestrol treatment in doses of 2 to 5 mgm. daily, rats 
weighing approximately 100-150 grams at the onset of the experiment show 
the usual loss of weight during the first week followed by adaptation and 
increase in weight during the .subsequent 5 to 6 weeks which is in accord 
with what has been said above. In these very chronic experiments how- 
ever, where treatment was continued for 2 to 3 months, we invariably 
observed that after the period of adaptation, a third stage follows during 
which the acquired resistance appears to vanish so that the animals begin 
to lose w'eight again just as they did before adaptation occurred. We are 
not reporting these experiments in detail mainly because, unlike the 
initial period of weight loss and the period of adaptation, the final ex- 
haustion of the adaptive mechanism and loss of weight is subject to great 
individual variations, one animal of a group beginning to lose weight after 
5 or 6 weeks while another may go on for three months before its weight 
curvm declines. Because of this great variability, each animal would have 
to be considered separately and since little would be gained from the study 
of such long individual weight curves or tables, we are omitting them here 
for the sake of brevity. Yet we want to mention these observations be- 
cause they confirm our contention that the syndrome of adaptation to 
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estrogens is similar to that wliich develops during adaptation to various 
other damaging agents. It has been shown that during adaptation to 
almost anj-^ change in the internal or external environment of the organism, 
a so-called “general adaptation syndrome” is elicited which has three 
distinct stages. These have been termed the “stage of the alarm reaction, ’ ’ 
the “stage of resistance” and the “stage of exhaustion” respectively. 
During the first stage, among other symptoms and signs there is con- 
siderable loss of body weight, adrenal enlargement, involution of the 
Ijunphatic organs and water retention. During the second stage, most 
of these changes disappear and the animals become very resistant to the 
agent with which they are treated. Eventually however, during the third 
stage they again begin to lose weight and finally die vuth symptoms and 
signs similar to those seen during the initial stage. On the basis of these 
obseia^ations, we assumed that there is a general non-specific adaptation 
mechanism which facilitates the acquisition of resistance against a great 
many agents and that in case of prolonged exposure, this mechanism weai-s 
out and the adaptability or “adaptation energy” becomes exhausted (8). 
The literature on this adaptation syndrome has recently been reviewed by 
Leblond (18) and Varangot (19). Selye et al. (20) and Selye (21) showed 
that acute overdosage Avith estrogens may lead to a typical “alarm reac- 
tion” and the present experiments indicate that under the influence of 
continued treatment A\ith estrogenic substances a “stage of resistance” and 
finally a “stage of exhaustion” develops. From this we may conclude that 
even adaptation to estrogens is not permanent but subject to the general 
law of the eventual exhaustion of adaptation energy as outlined in the 
above mentioned publications. 


SUMMARY 

Experiments indicate that the weight of growing rats chronically treated 
with estrogens first declines but growth is later resumed and the body 
weight may actually exceed the initial level in spite of continued ad- 
ministration of massive doses of estradiol or diethylstilbestrol. This is 
interpreted as additional evidence indicating that adaptation is possible 
at least to the toxic action of these estrogens although they do not elicit 
antihormone formation. 

Rats adapted to the natural estrogen, estradiol, prove to be equally 
resistant to the artificial estrogenic compound, diethylstilbestrol, although 
chemically the latter is quite different from the former. Conversely 
diethylstilbestrol pretreatment renders the rat resistant to the toxic actions 
of estradiol. A review of the literature gives no support to the assumption 
that this “crossed resistance” should be regarded as due to the transforma- 
tion of diethylstilbestrol into a naturally occurring estrogen similar to or 
identical vdth estradiol. It is concluded therefore, that the most prob- 
able interpretation of these findings is that we are dealing with a case of 
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acquired resistance to a certain (estrogenic) 'pharmacological action rather 
than to a particular chemical suhsUmee. 

In case of very prolonged daily administration of relatively large 
doses of estrogens, the acquired adaptation is gradually lost. The animals, 
which following an initial stage of w’eight loss had adapted themselves to 
the treatment sufficiently to gain Aveight in spite of continued treatment, 
eventually lose -weight again and finally die after twm or three months of 
estrogen administration. It is concluded that adaptation to the toxic 
actions of estrogens takes place in the same manner as adaptation to most 
noxious agents, namely, by the development of the “general adaptation 
syndrome” with its characteristic three stages. The eventual loss of an 
already acquired adaptation to estrogens gives further support to the con- 
ception that the adaptability or ^‘adaptation energy” of the organism is a 
limited quantity and is gradiially consumed while the organism puts up 
resistance against a stimulus to which it appears to be adapted. 
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In a previous publication (1) evidence was presented for the necessity 
of a factor separate from thiamin, riboflavin, nicotinic acid, and vitamin Be 
in the nutrition of the dog. This factor followed factor W in all fractiona- 
tion-procedures and we suggested the identity of these two factors. Since 
pantothenic acid, the chick antidermatitis factor, has been shown in 
several laboratories (2, 3, 4) to be essential for the rat, it seemed advisable 
to investigate its importance for the dog. The results obtained with the 
liver extract fractions reported previously were not entirely suited to a 
study of pantothenic acid, and it was decided to make a more compre- 
hensive investigation of this problem. In this paper we wish to show that 
in addition to factor W, dogs require pantothenic acid and another alkali 
labile factor. 

Experimental. Newly weaned puppies and older grovdng dogs were 
used in all of the experiments and the general experimental procedure was 
very similar to that employed in our earlier studies. Thiamin, riboflavin 
and nicotinic acid were supplied as previously described. In addition 
pure vitamin Bo in aqueous-alcoholic solution was given orally twice weekly 
at a level of 60 micrograms per kilogram of body weight per day.® 

The known chemical properties of pantothenic acid suggested two 
methods of removing it from grovdih promoting fractions of liver extract: 
1, destruction ivith alkali, and 2, extraction with ether at acid pH. The 
assay method for pantothenic acid used in aU of this work is that described 

‘ Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. 

^ Supported in part by grants from the Wisconsin Alumni Research Foundation. 

® We are indebted to the Works Progress Administration project no. 8649 for 
assistance in the care of animals. 

* Eli Lilly and Company Fellow. 

®We are indebted to Merck and Company for generous supplies of thiamin, 
nicotinic acid, and vitamin Be. 
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by Snell et al. (5, 6). It has been the experience of this laboratory that 
this method of assay correlates very well vdth the method for the chick 
antidermatitis factor using chicks. 

Alkali inactivalwn. It was found that heating the hexane-butanol 
extract (7) on the steam bath (87-93°C.) with KOH at a concentration of 
0.2 N for two hours completely destroyed the pantothenic acid present. 
Since the hexane-butanol extract allowed good groviih when supplemented 
with vitamin Be, it was thought that the alkali inactivated extract might 
furnish a suitable vitamin B complex source free of pantothenic acid. 
For a source of pantothenic acid a concentrate prepared by Wilson Labora- 
tories was used throughout the experiment.® This concentrate was 
prepared from liver extract according to the method of Woolley et al. (8). 
It contained 3.5 milligrams of pantothenic acid per cc. and on the solid 

TABLE 1 


Growth response of young puppies on pantothenic acid and pantothenic acid-free 

concentrates 


DOG 

jrcTir- 

BER 

LIVER FRACTION' 

TEET j 
PERI- 1 
OD ' 

1 

nnriAL 

WEIGRT 

TOTAL ] 
GROWTH; 

GROWTH 
PER DAT 

EEltAEKS 



days 1 

kjm. 

/;jm. i 

kym. 


1 

3% hexane butanol extract 

42 

2.45 

2.125 1 

0.051 

Excellent growth 

2 

14.6 mgm. Wilson’s panto- 
thenic acid over assay 
period 

18 ‘ 

j 

! 

2.125 

0.375 

0.021 

Poor growth 

2 

i 

10 mgm. Wilson’s panto- 
thenic acid -f 3% alkali 
inact. hexane-butanol ext. 

27 

2.500 

1.075 

0.040 

j 

1 j 

Good growth 

3 

4% alkali inact. hexane j 
butanol ext. I 

i 1 

16 

1 

1 

2.70 

1 

0.725 

i 

0.045 j 
1 

; i 

Good growth but 
dog died sud- 
denly 


basis contained 3,5 per cent pantothenic acid. An ether extract of this 
concentrate at acid pH w'as also found to be suitable as a source of panto- 
thenic acid, and this preparation was also used in some of the trials. 

A litter of three puppies was then placed on experiment for a study of 
the response to these fractions. One received in addition to the four 
crystalline vitamins the original hexane-butanol extract at a level of 3 
per cent; another received the alkali inactivated hexane-butanol extract 
at a level equivalent to 4 per cent; while the third received the Wilson 
Laboratories pantothenic acid concentrate at a level equivalent to about 
500 micrograms of pantothenic acid per day. The response of these 
dogs is given in table 1. The po.sitive control showed an excellent rate of 

* All liver extracts used in this study ■were kindly furnished to us by Wilson Lab- 
oratories. 
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growth but the dog receiving only pantothenic acid grew very poorly. 
"i^Tien the pantothenic acid preparation was supplemented vdth the alkali 
inactivated hexane-butanol extract a marked increase in the rate of 
groivth resulted. The dog receiving only the alkali inactivated extract 
grew rapidly for 16 days and then died veiy suddenly. The autopsy 
revealed no evidence of infection of any kind nor any other obvious cause 
of death. The failure was undoubtedly nutritional. 

To continue the study six older dogs were placed on the basal ration 
containing the four pure vitamins. All of these dogs showed a growth 
plateau followed by anorexia and a marked loss of weight. Definite 
growth responses resulted when the pantothenic acid concentrate or the 
acid ether extract of this concentrate was injected. If, however, the 
animal was maintained on this ration continuously after one or several 
responses to pantothenic acid, a point was always reached when no response 
could be elicited by pantothenic acid. This was also the case when the 
alkali inactivated hexane-butanol extract was included in the ration at a 
level of 3 per cent. Addition of whole liver extract or the alcohol ether 
precipitate fraction produced an immediate recoveiy, but the alcohol ether 
filtrate and high levels of the alkali treated hexane-butanol extract were 
ineffective. Typical results obtained vdth these dogs are shovm in figure 1. 

Ether extraction. The removal of pantothenic acid from liver extract 
was accomplished with the following procedure: 200 grams alcohol soluble 
liver extract no. 39796 was diluted to one liter -with water and 1 : 1 H2SO4 
added until the pH was approximately 2.0. The precipitate thus formed 
was filtered off and the filtrate was placed in a continuous liquid-to-liquid 
extractor and extracted with peroxide free ether for 5 to 7 days. The 
pantothenic acid content of this ether residue was found to be not greater 
than 14 micrograms per gram of oiiginal liver extract. 

This fraction was then added to the basal ration at a level of 2 per cent. 
Several older groiving dogs were used for this study, all of which had been 
on fractions supplying large amounts of pantothenic acid. On this frac- 
tion dog 7 gained almost 4 kgm. in 80 days, then a plateau in the rate of 
groAvth occurred followed by anorexia and diarrhea with a consequent loss 
of weight. At this point injection of 3.5 cc. of a pantothenic acid con- 
centrate produced an immediate remission from this condition as shovm in 
figure 1. The pantothenic acid concentrate was prepared from the 
alcohol ether filtrate fraction of liver extract powder followed by adsorp- 
tion and elution of the vitamin from active norite as was employed in that 
concentrate prepared by the Wilson Laboratories. The eluate was finally 
extracted vuth ether at acid pH. This e.xtract contained only 1.85 per 
cent solids of which 5.4 per cent was pantothenic acid. Several days after 
the peak of growth response was reached the animal was found in a deep 
coma and died a few hours later. The comatose state was characterized 
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by bradycardia, deep laljorcd breathing, and a temperature of 105 degrees. 
This syndrome .simulated in many re.spects that previoirsly reported for 
dog 14 (1). Another dog on this rasidiie for 88 days was found in a 



Fig. 1. Growth curves of older dogs on pantothenic acid deficient rations. 

Dog 4 — Basal ration. A, Wilson pantothenic acid concentrate equivalent to 20 
mgm. pantothenic acid. B, Wilson pantothenic acid concentrate equivalent to 
20.7 mgm. pantothenic acid. C, alkali treated hexane-butanol extract equivalent 
to 52 grams liver extract -f- 4 per cent on ration. D, 2 per cent alcohol ether precipi- 
tate on ration. E, Wilson pantothenic acid concentrate equivalent to 21 mgm. pan- 
tothenic acid. 

Dog B — Basal ration. F, Wilson pantothenic acid concentrate equivalent to 17.5 
mgm. pantothenic acid. G, Wilson pantothenic acid concentrate equivalent to 45 
mgm. pantothenic acid. H, alkali treated hexane-butanol extract equivalent to 80 
grams liver extract -1- 5 per cent on ration. I, started 4 per cent liver extract powder 
on ration. 

Dog 6 — 8 per cent alkali treated hexanc-hulanol extract on ration. 3, Wilson panto- 
thenic acid concentrate equivalent to 7.13 mgm. pantothenic acid. K, Wilson panto- 
thenic acid concentrate equivalent to 14.0 mgm. pantothenic acid. L, Wilson 
pantothenic acid concentrate equivalent to 23.8 mgm. pantothenic acid. M, started 
4 per cent liver extract 39796 on ration + 20 grams liver extract powder orally. 

Dog 7 — 2 per cent acid ether residue. N, pantothenic acid concentrate equivalent 
to 8 mgm. pantothenic acid. O, animal died. 

similar comatose condition and died shortly after. Autopsy of both dogs 
revealed mottled livei-s, severe gastritis particularly of the pylorus, and 
heavy bile pigmentation throughout the intestine. 
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To investigate further the use of ether residues in producing the defi- 
ciency a litter of six young puppies was placed on the basal ration supple- 
mented -with the four ciystaUine vitamins. Two were given the acid ether 
residue at a level of 2 per cent, two were given the acid ether extract at a 
level of 2 per cent, and the last two were given molasses at a level of 6 
per cent. This molasses was found to be a good source of factor W accord- 



Fig. 2. Growth curves of young puppies on pantothenic acid and factor W deficient 
rations. 

Dogs 18 and 13 — 6 per cent molasses. A, pantothenic acid concentrate equivalent 
to 1.89 mgm. pantothenic acid. B, acid ether extract equivalent to 25 grams liver 
extract. C, changed to 4 per cent liver extract powder. D, pantothenic acid con- 
centrate equivalent to 3.8 mgm. pantothenic acid. E, 20 mgm. choline hydro- 
chloride. P, acid ether extract equivalent to 22.5 gram liver extract. 

Dogs 10 and 11—8 per cent acid ether extract. G, changed to 2 per cent alkali 
treated acid ether residue. H, changed to 2 per cent acid ether residue. 

Dogs 8 and 9 — 8 per cent acid ether residue. I, animal died. .T, pantothenic acid 
concentrate equivalent to 4 mgm. pantothenic acid. K, acid ether extract equiv- 
alent to 30 grams liver extract. 

ing to the rat assay method and contained only 7 micrograms of panto- 
thenic acid per gram. The growth response of these dogs is given in 
figure 2. 

The two dogs receiving the acid ether residue grew very well for 4 weeks 
and then failed very suddenly. An injection of the pantothenic acid con- 
centrate was given to dog 9 but no beneficial effects were observed. Upon 
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autopsy an ini.ussusception was found in the lower small intestine which 
explains the anorexia and frequent vomiting movements as well as the 
primaiy cause of death. Light colored livere were found in both dogs. 
The yellowest wa.s assayed for its riboflavin content by the method of 
Snell and Strong (9) and was found to contain 32 micrograms per gram of 
wet liver. 

The two dogs receiving the acid ether extract grew fairly well but 
eventually plateaued after 7 weeks. Replacement of the extract vith the 
acid ether residue or the alkali treated acid ether residue at a level of 2 
per cent produced immediate responses in both cases. The latter fraction 
was prepared by diluting the acid ether residue 10 times vith water, adding 
solid KOH to a concentration of 1 normal and then heating on the steam 
bath at 85-88°C. for 1|- hours. The dogs receiving molasses grew vey 
well for 4 weeks and then started to decline. Dog 12 failed to respond to 
pantothenic acid, choline, or the acid ether extract, but did show improve- 
ment for a time on liver extract powder until a serious infection incurred 
at the point of injection of the liver fractions. Dog 13 showed a slight 
response to the pantothenic acid concentrate, but not to a subsequent dose 
given as the acid ether extract fraction. The addition of 3 per cent liver 
extract powder to the basal ration resulted in an immediate recovery. 

Discussion. It is apparent from the data presented above that the 
dog requires, in addition to factor W (the alkali stable factor), two essential 
factors which are dastroyed by alkali. Thus dog 6 receiving the alkali 
treated hexane-butanol extract responded at first to injections of the 
pantothenic acid concentrate. Maintained on this fraction the animal 
became deficient again and would not respond to injections of much larger 
doses of pantothenic acid. Liver extract powder was required to restore 
his weight back to the original level. This was also true in the case of 
dog 5. After an initial response to pantothenic acid a relapse occurred 
which could not be cured by a combination of 45 mgm. of pantothenic 
acid in concentrate form and 80 grams of the alkali treated hexane-butanol 
extract given orally and parenterally as well as an additional 5 per cent 
of this fraction on the ration. Four per cent of liver extract powder sup- 
plemented to the basal ration completely restored the animal to normal. 

The immediate temporary response of all dogs to injections of the highly 
purified pantothenic acid concentrates indicates strongly that this factor 
is required by the dog. The striking remission in the case of dog 7 was 
obtained on the pantothenic acid concentrate which represented only 17.o 
grams of liver extract powder. It is unlikely that any factor other than 
pantothenic acid should follow so closely and so quantitatively. How- 
ever, the matter cannot be established for certain until pure pantothenic 
acid is available. 

The differentiation between pantothenic acid and the other essential 
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factors is further shown by the behaLuor of dog 4. Left on the basal 
ration alone the animal failed to respond a second time to 20 mgm. panto- 
thenic acid and to large quantities of the alkali treated hexane-butanol 
extract. However, the addition of the alcohol ether precipitate at a 2 
per cent level resulted in immediate recovery. This fraction contains no 
more than 20 micrograms of pantothenic acid per gram equivalent of hver 
extract powder. The recoveiy on such a fraction proves that there 
existed a deficiency of other factors. 

Our experience with the acid ether fractions indicates that acid ether 
extraction removes other essential factors as well as pantothenic acid. 
The survival obtained vdth the acid ether extract alone at 2 per cent indi- 
cates that this fraction carries appreciable amounts of the alkah labile 
factor and just enough factor W for maintenance. The substitution of 
the alkali treated residue at a level of 2 per cent produced an excellent 
growth response further demonstrating the essential nature of the alkali 
stable factor W. The collapse of dog 7 could be ascribed to the inade- 
quacy of the acid ether residue in factors other than pantothenic acid, yet 
the possibility of another acute pantothenic acid deficiency brought on by 
the rapid growth should also be considered. 

The failure of dogs 12 and 13 to be maintained on molasses when sup- 
plemented with pantothenic acid indicates that molasses is also unsatisfac- 
tory as a B complex source for a study of pantothenic acid deficiency. 
Since molasses is adequate as a factor W source at 4 per cent for rat 
gro^vth, it is probable that the dog requires still another factor. Recovery 
from this deficiency was obtained with 3 per cent liver extract in both 
cases although infection seriously hampered dog 12. 

The complicated nature of the pantothenic acid deficiencies observed 
thus far reduces the significance of the variety of symptoms which we 
have seen. Irregular cardiac activity in tachycardia, less frequently in 
bradycardia, nausea and vomiting, intussusception, and finally loss of fur 
and dry scaUness of the skin suggest an impairment of autonomic control 
and especially that of the para.s 3 '’rapathetic neivous .system. What factor 
or factois these symptoms ax’e attributable to cannot be seen in the light 
of present evidence. 


SUMMARY 

1. Evidence is presented for the necessity of pantothenic acid in addi- 
tion to factor W in the nutrition of the dog. Dogs fail on alkali inactivated 
or acid ether extracted liver extract preparations and show a growth re- 
sponse upon the addition of concentrates of pantothenic acid. The rations 
employed thus far are not suitable for study of an uncomplicated panto- 
thenic acid deficiency. 

2. Dogs recehdng the alkali treated factor W preparation and the 
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pantothenic acid concentrate do not show normal growth until other 
fractions are added to the ration. It is evident that there is an alkali 
labile factor other than pantothenic acid which is essential for the dog. 
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In the studies on cobalt polycythemia in this laboratory the observation 
has frequently been made that rats failed to maintain high levels of pol}’-- 
cythemia. The level of hemoglobin and erythrocytes showed significant 
decreases, returning in some cases to normal. Subsequently the polj’-- 
cythemia would develop again, but it was difficult to maintain a high level 
of polycythemia for any length of time without these rather marked 
fluctuations. 

The animals were receiving 0.03 mgm. of manganese per day which is 
considerably less than the level used by Orten et al. (1), but since these 
investigators have only reported studies on two relatively high levels 
(1.0 and 5.0 mgm. per day) no data were available which would indicate 
the level of manganese necessary for the stabilizing effect which they ob- 
served. The level of manganese which was employed in this stud 3 '^ would 
be adequate for other known requirements hence other possible explana- 
tions for these effects Avere sought. 

Since these animals were subjected to an abnormal hematopoietic stress 
it was possible that milk might not be sufficient in all respects as a basal 
food. Marshall (2) studying the effects of liver administration to poly- 
cythemic rats reported that fiver extract produced a temporar 3 '' depres- 
sion in the polycythemia, followed b 3 '^ an increase to a level above the 
initially high level. Fresh fiver produced an increase in the level of 
polycythemia without the temporary decrease noted with the extract. 
Considering these observations, then, it seemed possible that liver or 
certain liver fractions might aid in stabilizing the high levels of poly- 
cythemia, when added to the milk ration. 

^ Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by grants from the University 
Research Fund and the Works Progress Administration. 

- As a Commonwealth Fellow in this Department Doctor Underwood made the 
original observations which prompted this study. At present he is located in the 
Department of Agriculture in Perth, Western Australia. 

373 



374 


ANDERSON, DNDERWOOD AND ErA'KHJEif 

In this report we wish to present the results obtained with various liver 
fractions as a supplement to the mineralized milk along with a modified 
procedure for drawing the blood samples for hemoglobin determinations. 

Experimentad. Male albino rats weighing approximate! j' 200 to 250 
grams were placed on a mineralized milk® ration. Hemoglobin determina- 
tions were followed as an index of polycythemia since the correlation 
between cell count and hemoglobin level has been well enough established 
(3) for the purposes of this experiment. Results of comparative determina- 
tions, however, on 12 of these animals showed that rats with a hemoglobin 
level of 23.2 grams per 100 cc. of blood had an erythrocyte count of ap- 
proximately 11.6 million per cubic millimeter, as compared with the normal 



Fig. 1, Hemoglobin curves of rats receiving cobalt Note the consistently higher 
level of polycythemia in the rats receiving ■whole liver substance. A indicates the 
point at which the new method of drawing blood was employed. 

hemoglobin level of approximately 14.5 and erythroe 3 ''te count of 7.5 
million. 

In the first series of animals, half of the group received 1 gram of Wilson s 
whole liver substance per day. Figure 1 summarizes the results obtained. 
Although each cunm represents the average of three rats, the data are 
typical of many more. It wiU be noted that in both groups the fluctuations 
occurred in the hemoglobin curves although the animals on the liver sup- 
plement maintained a significantly higher level of hemoglobin. 

Up to this time the technique employed for drawing blood samples had 

® Daily supplement per rat included; 0.7 mgm. of Fe as the pyrophosphate, 0.07 
mgm. of Cu as the sulfate, 0.03 mgm. of Mn as the chloride, 0.7 mgm. of Co as the 
chloride. 
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included clipping the end of rat’s tail. The relative degree of injur 3 '^ to 
the animal became progressively worse as the experiment proceeded and 
it was difficult at times to prevent excess bleeding. Bleeding could be 
stopped b}’- pressure on the tip of the tail or by heat cautery, but the 
animals would often reopen the wound when returned to their cages. 
Considerable loss of blood under such conditions prompted a search for a 
more satisfactorj’’ method for drawing the blood sample. Various methods 
were tried but the most satisfactorj’^ seemed to require the use of a razor 
blade or shai’p scalpel with which the lateral vein of the tail could be 
severed, without cutting through the tail. The resulting clean cut would 
bleed freeb’- but could be sealed readilj’- by slight pressure of the forefinger 
directly over the cut. Employing this technique no more than 5 drops 
of blood were required from the animal to assure free flowing blood and an 
adequate sample for the hemoglobin determination. Likewise the in- 
flammation which develops around the injured portion of the tail after 
chpping with scissors did not appear and the general disturbance of the 
animal was gi’eatly decreased. 

At the point A in figure 1 this modified technique was empl 03 ’’ed in the 
blood sampling. The resulting smooth curve indicates that hemorrhage 
may have had considerable influence upon the variability of the previous 
hemoglobin levels. 

Since the animals receiving the whole liver substance showed a consist- 
ently higher level of hemoglobin than the control group, it appeared that 
liver also had a significant effect in maintaining the high level of polycy- 
themia. In the next series then the effects of whole liver substance, liver 
extract and liver residue,^ were studied. 

Lowering the calcium-phosphorus ratio of a ration b}’’ adding NaH2P04 
has been shown (4) to increase iron utilization. It seemed possible that 
it might likewise speed up cobalt assimilation so in one group an amount 
of the NaH 2 P 04 was added to the milk sufficient to reduce the Ca/P to 0.6. 
Casein was emplo 3 ^ed as a supplement to another group to indicate the 
possibility of a purelj’’ protein effect. Lilb'^’s P. A. concentrate for oral 
administration was emplo 3 '’ed with another group as a further possible 
fractionation of the liver substance. 

Figure 2 summarizes the results obtained with those groups showing 
significant differences. Here again only typical data are presented, each 
cuiwe representing the average of 3 rats. It will be noted that the liver 
extract (Lilly) allowed the highest level of polycythemia. In one case 
an animal attained a level of 28 grams of hemoglobin per 100 cc. of blood. 
Vfliole liver substance likewise allows a more rapid induction of pob’^cj’"- 

* These liver fractions were kindly supplied by Dr. David Klein of the Wilson 
Laboratories, Chicago, Illinois. 
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ihemia and the attainment of a higher level than the control animals. 
The NaHsPO-i practically eliminated the lag phase typical of the early part 
of the curve for the control group, but the animals exhibited the most 
marked symptoms of toxicity of the Avholc series. This observation is 
further substantiated by the depre.ssion of the growth curve. Of the 
growth curves in general it may be stated that the more rapid the produc- 
tion of polycythemia the more depressing the effect upon growth. 



Fig. 2. Comparison of the groups of rats receiving supplements to the mineralized 
milk. Upper curves represent hemoglobin level, lower curves body weight. Note 
the higher levels of polycythemia in the animals receiving whole liver substance 
and liver extract. Note the rapid induction of polycythemia in the rats receiving 
NaHjPO^, with the resulting retarded growth. 

Fig. 3. Hemoglobin curves of individual rats showing the effect of hemorrliage. 
Note the stabilizing effect of the liver extract. 

The group receiving casein and the group receiving Wilson’s liver ex- 
tract showed only a slightly higher hemoglobin curve than the control 
group while the group on the liver residue showed a curve identical with 
the control group. Hence these curves were not included in this report. 

It should be noted that the hemoglobin curves in this series are relatively 
smooth. Since the only difference between the groups of this series and 
those of the first series was the method of drawing the blood samples, it 
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appears that hemorrhage definitely affected the former results. As a 
further proof of the effect of hemorrhage, it’ was decided to produce a 
hemorrhage artificially, taking advantage of the tendency to bleed freely 
from a clean cut in the tail vein. In this case the tail was complete!}’’ 
severed near the tip, and by frequently dilating the blood vessels with 
warm water and gently massaging the lateral veins toward the open 
wound, the animals could easily be bled to death. For our purposes, 
however, approximately 5 cc. were removed at a time and the results are 
showm in figure 3. The similarity between this curve and those obtained 
on the former animals in which hemorrhage was accidental, lends further 
evidence to the concept that the loss of blood was a significant factor in the 
failure to maintain high levels of polycythemia. 

The supplemental effect of whole fiver substance (Wilson) and fiver 
extract (Lilly) was again demonstrated by the higher level of poly- 
cythemia produced, and by the fact that animals receiving the whole fiver 
or fiver extract failed to show the severe decreases in hemoglobin noted in 
the control group. In each case the control animal showed greater drops 
in the hemoglobin level although the amount of hemorrhage was equivalent. 

Discussion. From the data presented in this report two facts seem 
evident. First, the technique for dramng blood samples caimot be the 
saihe as that generally used for young rats where only 3 or 4 determinations 
are required. The degree of injury and the resulting loss of blood intro- 
duce undesirable results into studies on the levels of blood constituents. 
The modified technique herein described has been used on rats of all 
ages and has proven to be highly satisfactor}'’ in all cases and definitely 
superior to the classical method of clipping off the tip of the tail for blood 
samples. 

Second, fiver and certain fiver fractions have been shown to aid the rat 
in maintaining a high level of polycythemia when the animal is fed cobalt. 
These results are in agreement with the observation of Marshall (2) al- 
though our data are not directly comparable since in our study the animals 
received the supplements at the same time that cobalt administration 
. began while Manshall fed the supplements after the pob’^cythemia had been 
produced. 

Our observations are interesting in fight of the effect of choline hydro- 
chloride or fiver administration which has been reported by Davis (5) 
to depress cobalt polyc 3 ’’themia in dogs. The fiver extract (Lilly) failed 
to depress polycythemia in the rats although it was fed at a level which 
would supply approximately 8 mgm. of choline per kilogram of body 
weight, the level found to be effective for dogs. The supplemental effect 
of certain liver fractions for the maintenance of polycythemia indicates 
that choline does not have a depressing action on the cobalt polycythemia 
of rats at the level fed. 
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Since we were able to maintain the control animals at high levels of 
polycythemia bj" modifying the bleeding technique, it would appear that 
the level of Mn employed was adequate, although the effects of higher 
levels were not studied. 


SUMMAHV 

j . Fluctuations in the hemoglobin level of polyc3dhemic rats have been 
largely prevented by modifjung the technique of blood sampling to prevent 
unnecessary" losses of blood. 

2. "VVTiole liver powder, liver extract (Wilson’s) and a P. A. concentrate 
for oral use (Lilly) were found to aid the rats in producing and main- 
taining a higher level of cobalt polycydbemia when added to a milk diet. 

3. Casein had a very slight supplementary effect while liver residue 
(Wilson’s) gave results identical with the control group. 

4. WTien the calcium-phosphorus ratio of the milk was decreased to 0.6 
by the addition of NaH2P04 the rate of development of polycythemia in- 
creased with a resulting toxicit}" and depression of growth. 
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Anaphylaxis is characterized in certain species by the response of some 
particular tissues, leading to asphyxia in the guinea pig, heart failure in 
the rabbit and hepatic engorgement in the dog. These responses are, in 
general, regarded by students of anaphylaxis as the most obvious feature 
of a widespread tissue involvement. Even so, it has been generally 
accepted that anaphylaxis in the dog is not only characterized by liver 
involvement but does not occur in the absence of this organ. This view 
has been based on the experimental work of a number of investigators, who 
have mterpreted their negative findings in this way. Also it has been 
supposed that any responses in extra-hepatic tissues are dependent upon 
the primary reaction in the hver and are the result of the Uberation there- 
from of toxic material into the circulation. 

While there are differences of opinion on the mode of action of the liver 
in anaphylaris in the dog, there has been almost complete agreement that 
this organ is essential for the production of typical canine anaphylaxis. 
Manwaring (1910) was unable to elicit anaphylactic shock in dogs with 
livers excluded by Ugating various blood vessels. Voegtlin and Bernheim 
(1911) and Denecke (1914) excluded the hver by preparing Eck fistulas 
and clamping the hepatic arteries; subsequent injection of antigen gave no 
shock. Dale (1912) performed a few similar experiments and obtained 
no trace of shock with the hver excluded from the circulation, but on release 
of the clamp on the hepatic artery shock did develop. Weil (1917), 
demonstrating the marked congestion of the liver when antigen was 
injected into the jportal vein or one of its branches, concluded that the 
congestion was a purely local phenomenon in the dog and was the only 
mechanism which takes part in the production of the vasomotor shock of 
anaphylaxis. Manwaring et al. (1925) found that their sensitized dogs, 
eviscerated or dehepatized by a modification of the Dale-Laidlaw Eck fistula 
technique, did not show the typical fall in blood pressure. When they 
mechanically obstructed the hepatic veins of a sensitized dog, Simonds and 
Brandes (1929) detected no fm’ther fall in arterial blood pressure when the 
antigen was injected, but it did occur on release of the obstruction. Again 
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these experiments were interpreted as further evidence that the liver vas 
essential for the manifestation of canine anaphylaxis. 

On the contrary, Pelz and Jackson (1918) claimed to have obtained 
anaphylactic shock after excluding the liver, but the single blood pres- 
sure tracing which they reproduce by no means repre.sents the typical 
profound fall in blood pressure of the intact shocked dog. These ex- 
periments, in common with many another where exclusion of the liver 
was attempted by ligation procedures, may be criticized on the grounds 
that this organ was not completel}'^ isolated from the circulation. Thus 
Rich (1923) has shown by his experiments of injecting India ink into the 
jugular veins of dogs with ligatures around the portal vein, hepatic arterj’ 
and inferior vena cava above the diaphragm, that some connection still exists 
liy means of certain diaphragmatic vessels between the liver and the general 
circulation. Clearly it is preferable completely to remove the liver from the 
abdomen by surgical procedure. This we have done, and have obtained in 
these dehepatized sensitized dogs typical anaphylactic shock on injection of 
antigen. A preliminary account of these experiments has already been 
given (Waters, Markowitz and Jaques, 1938). 

Experimental. The dogs \vere sensitized to horse serum which had 
been treated with alum. The serum was mixed with ^th of its volume of 
a 10 per cent solution of potassium alum (Al 2 (S 04 ) 3 'K 2 S 04 241120). This 
mixture w'as left in the refrigerator for 24 hours, then injected subcutane- 
ously in amount equivalent to 0.5 cc. serum per kilo body weight. The 
shock dose of normal horse serum was given intravenously five or more 
weeks later. This method of sensitization we have found very satisfactory. 
The time required for sensitization appears to be longer than when un- 
treated serum is ^ven, but the animals remain highly sensitized for a 
much longer period. These results are in accord with the success obtained 
in sensitizing guinea pigs vdth ragiveed pollen extracts treated irith alum 
(Caulfield, Brown and Waters, 1935). 

The hepatectomy operations were carried out under ether anesthesia by 
the one-stage technique described by Markowitz, Yater and Burrows 
(1933). 

Dog 1. 7.2 kgm. Sensitization period; 8 weeks. 

10:15 a.m. Ether anesthesia. 

11:00 a.m. Liver removed from abdomen. 

11: 10 a.m. 20 cc. 25 per cent dextrose solution. 

11:26 a.m. 20 cc. horse serum (jugular vein) injected over a period of 40 seconds. 

11:55 a.m. Dog died. 

Blood pressure (carotid) decreased evenly from 108 to 52 mm. Hg 
in 100 seconds of the beginning of the injection of serum. Further 
gradual fall until death. 

Bladder response mthin 30 seconds of the beginning of serum 
injection. 
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Dog 2. 10.6 kgm. Sensitization period: 6 weeks. 

11:30 a.m. Ether anesthesia. 

12:15 p.m. Liver removed from abdomen. 

12:30 p.m. 15 cc. 25 per cent dextrose solution. 

12:50 p.m. 20 cc. horse serum (jugular vein). 

15 cc. 25 per cent dextrose solution injected at 1 hour intervals. 

2:37 p.m. Further injection of 20 cc. horse serum had no effect on the blood 
pressure (42 mm. Hg). Blood pressure decreased from 124 to 48 
mm. Hg, sharply at first, then more graduallj' until 10 minutes 
after serum injection. 

Bladder tone increased within 1-| minutes. Remained contracted 
for i hr. 





W:~ 


Fig. 1 Fig. 2 

Fig. 1. Liverless dog 3. Time intervals 10 seconds. Bladder (upper tracing) 
carotid blood pressure (lower). Injected with 1.3 cc. horse serum per kilo body 
weight. Slight elevation of blood pressure near center of tracing due to injection of 
dextrose solution. 

Fig. 2. Liverless dog 4. Time intervals 10 seconds. Bladder (upper tracing) 
carotid blood pressure (lower). Injected with 0.5 cc. horse serum per kilo body 
weight. Two slight elevations of blood pressure due to injections of dextrose 
solution. 


Four sensitized dogs, after fasting for 24 hours, were dehepatized under 
ether anesthesia, and while still anesthetized showed anaphjdactic symp- 
toms on injection of antigen. Details of two of these e.xperiments are 
tabulated, and the k 3 Tnograph records of the other two are reproduced in 
figures 1 and 2. Changes in bladder tone were obtained with a tambour 
connected to a cannula inserted through the bladder wall. Quantitative 
records of changes in pressure within the bladder were not made. Ade- 
quate dextrose was given to preA'ent hxqDOghTemia. The amounts of 
blood found in the abdominal caxdtj’ at post mortem were small. 

Discussion. We have used as our criterion of shock the pronounced 
fall in arterial blood pressure which inunediateh^ follows the injection of 
the shock dose of antigen. This was first noted bj* Biedl and Kraus (1909) 
and has been amplj’- confirmed by all who have tested it. We have given 
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some of our sera, in equivalent doses, to seven normal and to two evis- 
cerated dogs under ether anesthesia, without an 3 " effect on the arterial 
blood pressure except in one of the normal animals w'hich did show a fall 
in pressure of about 15 mm. Hg, but with complete recovery in about a 
minute. It is therefore evident that anaph^daxis occurred in these dogs 
in the complete absence of the liver, as judged bv"^ the most characteristic 
test, nameh', the profound fall in blood pre.s.surc. 

Our re.sults appear to .support the original conclusion of Biedl and Ktaus 
(1909) that the decreased blood prc.s.sure is due to a primary peripheral 
vasodilatation, though it would be unwarranted to conclude that in the 
intact animal the hepatic changes maj'^ not be a contributing factor of .some 
magnitude. Indeed, our tracings indicate that the fall in blood pressure 
takes place a little more graduaih' in the dehepatized than in the ivhole 
animal. But some of this difference maj'^ be due to the major operation 
which immediatel.y preceded the injection of antigen. After noting the 
shock that developed in othenvise noimal dogs into which had been trans- 
planted livers from sensitized dogs, Manwaring, Hosepian and O’Neill 
(1925) considered it probable that extra hepatic factors are operative in 
acute canine anaph^dactic shock. 

Manwaring el al. (1925) were of the opinion that the tonic contraction 
of the bladder in canine anaphjdaxis is due to the liberation from the liver 
of an anaphylatoxin with a histamine-like action. We have obtained the 
tonic contraction of the bladder in the absence of the liver. It has been 
clearly shown by several investigators (Dragstedt and Mead, 1936; Code, 
1939) that histamine is liberated in canine anaphjdaxis. It is difficult to 
decide whether the bladder response we obtained, in the absence of the 
liver, was due to a direct action of the antigen or to the production else- 
where of circulating histamine or similar substance. Dale and Laidlaw 
(1910) .suggested that the increase in tone of the urinarj' bladder of the dog 
in histamine .shock was due to anemia of the sacral portion of the .spinal 
cord. Whatever the cause of the contraction of the bladder in anaphj'lac- 
tic shock the production of an “anaplwlatoxin” bj’’ the liver is not essential, 
for contraction occurs in the absence of that organ. 

SUMMARY 

Tj’^pical anaph\dactic shock has been obtained in sensitized dogs after 
complete surgical removal of the liver. 
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It has been demonstrated that there is a distinct relationship between 
the thymus and the sex glands, in which the gonads exert dn inhibitory 
effect. Using rats, Moore (1) showed that Antuitrin S stimulates hormone 
secretion by the testes, and Butcher and Persike (2) demonstrated that this 
increased hormone production arrests the growth of the thymus. This 
effect is through the gonads, since injections of Antuitrin S prove ineffective 
in arresting the grow’th of the thjuni of castrated animals. On the basis 
of these obsen’’ations, it seemed probable that testosterone propionate 
might induce regressive changes in the thymus, and this study was under- 
taken to determine the effect in young rats.^ 

Methods. Throughout these experiments, only healthy litter-mate 
albino rats within 5 grams’ body wnight of each other were utilized, to avoid 
so far as possible the variations in thymic weights found in rats from differ- 
ent litters. No animals wnre autopsied at more than 100 days of age, at 
W'hich time the thymus of the white rat generally begins involution (4), 
It has been demonstrated that the thymus reacts rapidlj' to disturbances 
in nutrition (5, 6, 7), so each group w'as kept in a separate cage, in w'hich 
there wns an excess of food and water at all times. 

Each of these litter-mate groups consisted of several rats of the same 
sex, one serving as a control, the others being injected intraperitoneally 
with different amounts of testosterone propionate dissolved in sesame oil 
(0.1 mgm. to 1.0 cc.). There was an equal number of male and female 
groups. Usually, each rat wms autopsied one day after the last injection. 
Body w'eights at the beginning of injections and at the time of autopsy were 
recorded. The relative weight of the thymus of each of the injected ani- 
mals W'as compared to that of its litter-mate control, and the difference 
recorded in percent. The thymi of the majority of both experimental ani- 

^ After these experiments were started, Chiodi (3) reported that the thymi of 
white rats undergo atrophy under the influence of testosterone. Since the results of 
my experiments differ in certain respects from his, and since the data presented 
here are more complete than those obtained by him, it was deemed advisable to 
present this work. 
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mals and their controls were also examined for histological changes. 
Livers from most of the rats were examined in sections stained Avith hema- 
toxylin and eosin and in frozen sections stained Avith Sudan III. 

As approximately 150 litters, with a total of 357 rats, were used in these 
experiments, not all of the data obtained can be presented here. Typical 
litters, therefore, haA^e been selected, and the data from these are presented 
in table 1.” 



Fig. 1. The number of days of injections (x-axis) is plotted against the per cent of 
decrease (— ) in the weight of the thymus of the injected rat as compared with the 
weight of the thymus of its litter-mate control (y-axis). The individual percentage 
points for each day of injections are averaged, and a smooth line graph is drawn from 
the average points thus obtained. 

Observations. After 4 to 5 daily injections of 0.02 mgm. or more of 
testosterone propionate, the thymi of both male and female rats, betAveen 
the ages of 20 days and 80 days, begin to involute. This involution reaches 
a peak at about the 19th day of injections. Figure 1 indicates that this 
decrease in size of the thymi of the injected animals is an inA'^olution and not 
an arrested groAAdh. 

The histological structure of the thymi of the injected rats changes slowly . 
By the 22ud day of injections, howcA'^er, it is clearly evident that there are 
fewer thymocytes in both cortex and medulla, resulting in a less distinct 
differentiation between these two zones. The capsule becomes thickened, 

® The complete data are on file in this laboratory, and will be made available to 
anyone who wishes to consult them. 


386 


J3DWARD C, PERSIKE, JR. 
TABLE 1 


liepresentalive protocols 


BEX 

anom* 

KUM- 

BEn 

NUM- 
BER or 
RATS 

1 

! 

TREATIIENT 

BEB or 

DATS 
OF IN- 
JEC- 
TIONS 

Ago 


ITIOKS A* 

Thy- 

nnw 

■weight 

r AuTopsr 

j Pot cent 

+ 

- 








miUi- 









(7ram« 

grams 



9 

1 

1 

Control 


81 

74 

220 





1 

0.01 mgm. daily from 61st 

20 

81 

72 

178 


16.9 




day 







c? 

2 

1 

Control 


80 

58 

145 





1 

0.01 mgm. dailj' from 62nd 

18 1 

80 

52 

92 


31.9 




day 

1 







9 

3 

2 

Controls 


74 


218 





1 

0.02 mgm. daily from 55th 

18 

74 

72 

127 


37.7 




day 









1 

0,03 mgm. daily from 55th j 

18 

74 

76 

136 


37.6 



[ 

day 







c? 

4 

1 

Control 


52 

56 

124 





1 1 

0.02 mgm. daily from 36th 

16 

52 

51 

64 


43.3 


i 

i 

1 

day 









1 

0.03 mgm. daily from 36th 

16 

52 

58 

77 


40.4 




day 




1 



9 

5 

1 

Control 


62 


213 

i 




1 

0.02 mgm. every other day 

11 

62 

109 

177 


15.3 




from 41st day 



1 


j 


o’ 

6 

1 

Control 


45 

59 

117 





1 

0.02 mgm. every other day 

0 

45 

56 

79 


28.8 




from 28th day 







o’ 

7 

2 

Controls 


10 

14 

20.5 





1 

0.02 mgm. daily from 3rd 

7 

10 

12 

15 

i 

11.8 




day 

i 








1 

0.02 mgm. daily from 3rd 

i 7 

1 10 

1 8 

10 


1 14,5 




day 

1 

j 





9 

8 

1 

Control 


1 6 

, 9 

13 





1 

0.02 mgm. daily from 3rd 

3 

1 6 

6 

8 


8.0 




day 







9 

9 

1 

Control 

1 

20 

25 

84 





3 

0.02 mgm. daily from 13th 

i 7 

20 

26 

68 


22.7 




day 
























THYMUS AND TESTOSTERONE PROPIONATE 


387 


TABLE 1 — Concluded 
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and there is an invasion and replacement of the normal thymic tissue 
connective and adipose tissues. 

Since the hormone was administered in oil, tests were made to determine 
the effect of the oil itself on the growth of the thymus. Thirty groups of 
animals were injected daily with sesame oil, in amounts ranging from 0.1 
cc. to 0.6 cc. These injections did cause the thymus to involute slightly 
for a short time (fig. 1), the smallest injection producing about the same 
effect as the largest. B;y the 13th to 15th day of injections, however, re- 
fractoriness to the oil developed, and the weights of the thymi of the in- 
jected animals returned to normal (fig. 1). 
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To determine the smallest amount of testosterone propionate which 
would produce a maximum involution of the thymus of the average rat 
used, daily injections were varied from 0.01 mgm. to 0.04 mgm. Injections 
of 0.01 mgm. produced a moderate degree of involution (litters 1, 2: 
table 1). On the basis of data obtained from 24 groups, with a total 
of 76 rats, it would seem, however, that 0.02 mgm. was the optimal daily 
dosage, since it Avas as effective as daily injections of 0.03 mgm. and 0.04 
mgm. (litters 3, 4). 

Three groups of males were injected with this most efficient dosage (0.02 
mgm.) ever}’- other day for a total period of 17 days. A like number of 
females was similarly treated for a total period of 21 days. "While a certain 
degree of involution was obtained in all of the injected animals of these 
two groups, it was found that the percentage involution in these rats "was 
not so great as that "which occurred in those animals injected daily "nith 
the same dosage. (Compare litters 3, 4 "vsdth litters 5, 6.) For producing 
a maximum degree of thymic involution in the average rat used, the daily 
administration of 0.02 mgm. of testosterone propionate appears to be most 
efl&cient. 

To determine the earliest age at w'hich a change in the thymus could be 
induced, 10 groups of rats w'ere injected daily with 0.02 mgm. of testoster- 
one propionate from the second day of life, and were killed at various ages. 
In these very young rats, the effect of the injections w'as generally so great 
as to inhibit the body growth to such an extent that the injected animals 
usually weighed about one-fourth less than their controls, after only 6 to 
7 daj’^s (litter 7). In these groups it was apparent that a decrease in the 
size of the thymus could be obtained at the 6th day of age (litter 8). It 
is a question, however, how early testosterone propionate itself "will cause 
a change in the thymus, since the reduction in the size of the thymi of the 
rats in these groups may have been caused, not by the hormone, but by 
disturbances in nutrition, as is indicated by the failure of the injected 
animals to grow as much as their non-in jeeted controls. On the other 
hand, rate injected "Ruth 0.02 mgm. of the hormone from the 13th to 19th 
day of life showed a very distinct involution of the thymus, accompanied 
bj’^ no disturbances in body growth (litter 9). 

In gonadectomized animals injected "with testosterone propionate, a 
regression in the size of the thymus "nms also obtained. Daily injections 
of 0.02 mgm. and 0.03 mgm., how'ever, were not sufficient to definitely 
cause the thymus of the gonadectomized rat to involute (Utters 12, 13) 
but injections of 0.04 mgm., 0.06 mgm. and 0.08 mgm. produced a definite 
reduction (litters 14, 15). Non-injected gonadectomized rats showed 
either unaffected or larger thymi than did their controls. 

Certain rats were injected for long periods of time in order to determine 
"svhether or not refractoriness would develop. Females, injected daUy 
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with 0.02 mgni. of tc-stosteronc propionate, exhibited refractoriness, since 
their thymi returned to normal size at almut, the 44th day of injections 
(fig. 1). Males, comparabl.y treated, showed a certain degree of refrac- 
lorinc.ss l,)y the 44t.h day, although this effect was not so pi’onounced or 
complete in the males as it was in the females (fig. 1). This sex difference 
appears to be statistically significant, since the probability against a 
difference of this magnitude occurring by chance is more than 1000:1.^ 

Eight groups of rats wore injected with 0.02 mgm. of testosterone pro- 
pionate for 17 days, and were autoiisied at about 20 days after the last 
injection. The thymi of these rats had hypertrophied, and, in most cases, 
exceeded in weight the thymi of their litter-mate controls (litters 10, 11). 

At autopsy, it was found that out of 139 injected animals, 28 had grown 
less, 18 had grown more, and 93 had grown neither more nor less than their 
controls. Since almost comparable numbers of the injected rats were 
either heavier or lighter than their controls, and since the great majorit}’’ 
of the animals were unaffected at all bj’^ the injections, it would appear 
that daily administration of 0.02 mgm. of testosterone propionate was 
unable to bring about an effect on the growth or body weights of the in- 
jected animals, after the first 12 days of life. 

Nevertheless, in spite of this lack of influence on growth rate, frozen 
sections stained with Sudan III., and fixed sections stained witli hematoxy- 
lin and eosin from livers of rats injected with either sesame oil or testoster- 
one propionate dissolved in oil showed marked fatty changes of the organs. 
In some cases, fatty infiltration occurred, particularly on the periphery of 
the livers, where they were in direct contact with the oil injected into the 
abdominal cavity. There was also some evidence of a mild chronic in- 
flammatory reaction, probably as a result of fhc subjection of the hepatic 
tissue to a foreign substance. 

The testes of the male rats, and the ovai-ies of the female rats which were 
injected with the liormone were smaller than those of their litter-mate 
controls. This inhibitory effect, upon the gonads occurred gradually, but 
in the rais injected for longer periods of time, it was quite marked. The 
kidneys of rats injected with 0.02 mgm. of testosterone propionate gener- 
ally Avere larger than those of their controls. This increase varied from 8 
per cent to 25 per cent. 

Discussion. The histological changes in the thymi Avhich had under- 
gone induced involution are similar to those occurring in normal involution, 
as described by Maximow and Bloom (8), and are much the same as those 
found by Butcher and Persike (2), Chiodi (3) and Smith (9). 

The finding based on data obtained from many groups of rats that in- 
jections of sesame oil do have a depre.ssive effect on the thymus for a short 

® I am indebted to Prof. F. W. Weymouth for suggesting the statistical analysis 
and for checking the results. 
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time is not in accord with the report of Chiodi (3), who states that the 
decrease in the size of the thj'mus cannot he attributed to the trauma or 
toxicity of the oil vehicle in which the hormone was dissolved. As his 
animals were injected for 11 days Avith 0.5 mgm. of testosterone dissolved 
in 0.33 cc. of the same oil, and were killed 4 da 3 's after the last injection, 
I believe that some of the thymic involution obtained bj' him might have 
been dircctlj’’ due to the adverse effects of the oil in which the hormone Avas 
dissolA’-ed. 

Chiodi (3) used tAvo strengths of testosterone, 0.5 mgm. and 1.5 mgm., 
and thought that the degree of regre.ssion in the size of the thymus is related 
to the strength of the dosage. It AA-ould seem, though, that this inference 
is hardly justified, since manj’^ of our animals AA'hich Averc injected A\'ith 
only 0.02 mgm. of testosterone propionate dailj' shoAved as great a degree 
of thymic inAmlution as did the relativelj* feAV used bj’’ Chiodi, Avhich 
receiA'’ed so much more of the hormone for the same period of time — unless 
one is to infer that the difference in potency of the tA\'o preparations is in 
the ratio of about 75:1. 

It is of more than passing interest that the tlijuni of those rats injected 
for 17 days and killed 20 days after the last injection hypertrophied rapidly 
after the injections Averc stopped. Butcher and Persike (2) also found this 
to be tme in rats comparably treated Avith Antuitrin S. These results are 
in accord with those of Gottesman and Jaffe (10), Avho state that thymic 
remnants undergo hypertrophj’’ after removal of the greater portion of the 
thj'mus. This suggests that there is some factor Avhich maintains the 
th 3 ’^mus during immaturit 3 % Chiodi (3) also found that the th 3 '-mi of 
gonadectoraized rats can be made to inA’olute if the animals are treated 
Avith male sex hoimone. That he failed to notice the difference in thresh- 
old is probabl3' due to the fact that all of his dosages Avere excessive. 
Injections of testosterone propionate and the attendant organ changes had 
no appreciable effect on the body groAvth of the injected animals. Chiodi 
(3) and McEuen, Sel 3 ’’e and Collip (11) also found no changes in bod 3 ' 
growth as the result of male hormone administration. Although this A\’as 
generally true in the present series, A’^ery young animals Avere inhibited in 
their growth, as has been discussed above. Selye (12), using mice, like- 
AA'ise found that the kidne3’^s of those animals receiAung testosterone pro- 
pionate Avere usually enlarged. 


SUaiMABY 

The thymi of 3 mung albino rats of both sexes under 100 days of age Avere 
made to inAmlute b3'^ injections of testosterone propionate, this involution 
reaching a peak at about the 19th da 3 '^ of injection. That this effectis 
significant is indicated by statistical anal3’^sis, AA'hich shows that the 
chances of such deAuations as those observed being fortuitous are less than 
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1 ill 1000. Daily administration of 0.02 mgm. or more caused the maxi- 
mum degree of thymic involution in both sexes. This change, starting at 
about the 4th to 5th day of injection, was a real involution, not merely an 
arrest in growth. Refractoriness to prolonged injections of testosterone 
propionate occurred in both males and females, being more pronounced in 
females than in males. When the daily dosage was increased to 0.04 mgm. 
or more of testosterone propionate, an involution occurred in the thymi of 
gonadectomized animals of either sex. The thymi of both male and female 
rats hypertrophied when the injections were stopped. Injections of pure 
sesame oil caused a slight degree of thymic involution for a short time, after 
which refractoriness occurred. Testosterone propionate administration 
did not affect the body growth of the injected rats of either sex, except at 
early ages. 
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The external, measurable action potential from a single element, the 
nerve fiber, has often been compared (cf. Gasser and Erlanger, 1927) 
to the potential drop across an external resistance Re between the poles of 
a battery vith internal resistance E,-. If the battery has an e.m.f., e, 
then 


e = i{Re + Ef), (1) 

where i is the current. Therefore in this analogy the external potential 
drop, the spike height, iRe is determined by e. Re, and E,-; 


iRe — e 


Re 

Re + E.' 


c is the potential difference across the polarized membrane, Re the longi- 
tudinal resistance outside the fiber, measured from the point where the 
crest of the impulse finds itself to the foot or the end of the spike, and 
Ei the corresponding resistance of the core of the fiber plus the resistance 
of the membrane at the electrically permeable region. 

It is therefore to be expected that the size of the action potential can 
be modified by agents (fluids, metals, etc.) which change Re. Any sud- 
den change in the electrical conductance outside the fiber should abruptly 
change the action potential as it passes and theoretically should produce 
irregularities or artifacts in the recorded potential. 

The purpose of the present paper is to investigate the effect of varying 
the electrical conductance external to single, isolated, unmyelinated fibers 
upon their electrical response and the potential field surrounding them 
during activity. The “artifacts” produced as a consequence of irregu- 
larities in conductance between the leads will be studied, and several of 
the more interesting ones will be analyzed. 

A method of leading off with the fiber surrounded by a small quantity 
of solution was developed for these experiments. This method commends 
itself in general because there is little chance of damage to the fiber. It 
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is applicable to the study of other problems involving single fibers, par- 
ticularly the action of pharmacological agents. 

Method. Single nerve fibers were obtained mainly from the claw of 
the craj^fish, Cambarus clarkii; they were prepared according to the 
method developed bj’' van Harreveld and Wiersma (1936). For the most 
part the large motor axons of 20 to 40 n diameter were isolated since these 
can be readily obtained free from connective tissue, which is not true of 
the smaller sensory fibers. 

The prepared fibers, isolated for a distance of 20 to 25 mm., were either 
dissected from the claw with a bundle of nerve left attached at either end 
for ease in clamping, or else the proximal end was prepared in this way 
and the distal end left attached to the claw, the joints from which the 
fiber was prepared being discarded. The fiber was transferred to the lead- 
ing off chamber, Avhich had been filled with van Harreveld’s (1936) solu- 
tion, and the end, or ends, secured. If the fiber was left attached to the 
claw, the latter was held outside the end of the chamber, the nerve enter- 
ing through a slot in such a waj’’ that it was kept covered vith solution. 
Keeping the claw and therefore the muscle which the axon innervated 
attached to the preparation was done because the fiber maintained its 
activity much longer than one severed completely: 6 to 8 hours or more 
against one hour or less. 

The leading off chamber employed in the experiments consisted of a 
triangular trough cut into a strip of Lueite which formed the bottom of 
a rectangular box of the same material; see figm-e 1, A and B. The 
trough had a vertex angle of 90°. Fluid leads entered at the vertex 
through fine pores of about 90 m diameter, spaced at intervals of 5 mm. in 
the case of the leading off electrodes. The other openings of the leads 
were through holes drilled into the side of the box and strip. Into these 
were inserted, ordinarily, platinum vdres connected to the stimulator and 
amplifier. If the "wires to the latter were of silver-silver chloride, non- 
polarizable electrodes were obtained which were not poisonous to the 
preparation because of the length of fluid lead intervening. The free 
ends of the preparation were held in the vertex of the trough by overhead 
clamps, and one of these was movable by means of a lead screw. 

The amount of fluid surrounding the fiber in the chamber could be 
limited by “lids” for the trough; see figure 1, C. These lids were made of 
a square rod of Lueite, beveled along one edge. This edge fitted into the 
vertex of the trough so that there a triangular cross-section of definite ■ 
area was obtained. 

After the fiber was in place along the bottom of the trough’s V and the 
lid to be used was in place over the axon, the excess fluid was pipetted 
from the chamber, care being taken to blot up any fluid that could serve 
as a shunt around the leads. ■; In this way the fiber was left surrounded 
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during the experiment by a limited quaiitity of fluid which formed the 
only appreciable conducting medium between the electrodes. 



Fig. 1. Leading off chamber and lids. 

A. Top view of chamber, showing trough, position of leads and preparation. 

B. Side view of chamber from the stimulating, or proximal, end. 

C. Cross-section of trough through a lead, with a lid and fiber in place. 

D. Bevel view of lid used for producing a sudden change in conductance, and side 
view of this lid. 

E. Bevel views of lids used for producing a sudden short increase and decrease in 
conductance, respectively. 

The stimulator employed generated square waves whose frequency, 
duration and amplitude could be independently varied. The action po- 
tentials were led off through a push-pull differential amplifier into a 
cathode ray oscillograph. Very low grid-to-filament capacity tubes were 
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used in the fii’st stages of amplification so that the current flow from the 
leads to ground and back through the preparation caused the action 
potential would amount to less than 10“*® amps. Usually the stimulator 
and the sweep of the oscillograph were synchronized at a frequency of 30 
per sec. This frequency did not produce signs of fatigue in the fiber, 
even after continuous stimulation for some minutes. 

Results. Before proceeding to a description of the artifacts produced 
by non-uniformity of conductance in the region between the leads, it 
will be necessary to consider the effect of the external conductance upon 
the action potential. 



Fig. 2. Curves 1, 2 and S are tracings of action potentials led off from the same 
fiber at the same distance (7 mm.) from the stimulating electrode; only the cross- 
section of the trough, and, therefore the conductance, was changed. The crosses are 
the points obtained by multiplying ordinates of curve 2 by the ratio hj/hs of the spike 
heights of curves 1 and 2. Similarly, the circles are the point obtained by multiply- 
ing ordinates of curve 3 by hi/hj. 

The maximum height of the action potential, vdth the smallest prac- 
ticable amount of fluid, was about 1.5 mv. as compared to the 20 to 50 
mv, which were obtained from these fibers when mounted in air or oil 
(cf. Hodgkin, 1938), As the amount of fluid in the trough was increased 
the height of the recorded spike declined. This change in height was the 
only one; the shape, duration and velocity of the action potential did not 
differ appreciably for different amounts of fluid when each amount was 
made uniform in cross-section by using a lid of constant bevel width. 
See figure 2 for a comparison of action potentials from the same fiber. 
That there was no difference in velocity such as Hodgkin (1939) found for 
single crab fibers immersed in sea water versus oil is explained by the 
fact that in the present case the external resistance, which is varied, is 
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small compared to the internal, and therefore in equation (1) the current 
i, which influences the velocity, will remain almost constant. 

The question arises as to how much of the actual potential drop devel- 
oped externally to the fiber and parallel to its axis is picked up by the 
electrodes under the different circumstances. To determine this point 
micro-electrodes were prepared, consisting of small glass tubes with one 
end dravm out into a capillary having a terminal inside diameter of ap- 
proximately 10 n. One of these electrodes was connected to one of the 
amplifier leads by means of a silver chloride-plated silver wire which 
dipped into the fluid contained in the tube. The other lead was by way 
of the trough in the usual manner. The capillary electrode was held by 
a micro-manipulator so that the pore of the electrode could be placed 
at any position relative to the fiber. 

It was found that Avhether the pore rested on the surface of the fiber 
or was removed as far away as the fluid in the trough allowed (a range of 
0.1 mm. in the case of least fluid up to 1 mm. or more with larger amounts) 
the height as well as the shape and duration of the action potential re- 
mained the same. If more solution Avas added the action potential de- 
creased, but the decrease was the same irrespective of Avhere the electrode 
was placed. 

The result of this experiment implies that the equipotential lines de- 
scribing the potential field external to the active region of the fiber ex- 
tend out practically perpendicularly from the fiber’s surface, and there- 
fore the actual potential difference developed along the axon’s external 
surface is led off. In other Avords, the medium about the nerve fiber 
acts as a linear conductor for the action current. 

Artifacts 'produced hy change in conductance. Bishop, Erlanger and 
Gasser (1926) discovered that distortions of the action potential record 
from myelinated nerve arose Avhen idle leads, drops of Avater, rmdissected 
tissue, dead fibers, or cut branches occurred in the led-off region of the 
preparation. These Avere described as furnishing extra leads, as indeed 
they may. Schaefer and Schmitz (1934) shoAved that some of these 
types of artifacts Avere produced in mj’^elinated nerA’^e by variations in the 
external conductance along the nerve. 

Early in the present Avork it Avas discovered that small variations in 
the medium surrounding the isolated fiber as well as damage to it gave rise 
to records riddled with irregularities. One type of injury common in 
unmyelinated fibers unless carefully handled is constriction Avhich would 
not only abruptly change the external but also the internal resistance 
of the fiber at the narroAved place. These Avere the main reasons Avhy the 
trough method was developed, for with this technique the fiber could be 
maintained in good condition and, if the trough and lid Avere made pre- 
cisely enough, umvanted artifacts could be avoided. 
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variation in (or Rd as the action potential is conducted between 
the leading off electrodes will produce a spurious response in the record. 
This is caused by a change in the form of the action potential which will alter 
the potential of one lead relatiA’^e to that of the other while the change is 
taking place (sec diagram and analysis below). These artifacts can be 
especially well shown in single unmyelinated fiber preparations because 
the shortness of the wave-length of the impulse, about 5 mm., allows the 
artifact to be recorded distinct from the response at the first lead. 

There are several types of spurious response, which can be produced 
under controlled conditions, that are of special interest; 1, those caused 
by a sudden increase or decrea.se in conductance, and 2, those produced 
by a sudden increase or decrea.‘^e limited to a short distance (| to 1 mm.) 
of the led-off stretch of fiber. The de.sircd variations in conductance 
were accomplished by regulating the cro.ss-section of solution in the trough 
with the aid of the special lids illustrated in figure 1, D and E. It will 
be shown below that the first type of artifact is proportional to the action 
potential itself, and that the second is proportional to the first differential 
of the action potential. Figure 3 illustrates examples of the two ty])es. 

In figure 4 A the situation in case (1) is shown diagrammatieally. As 
the impulse travels from region 1, where the conductance per unit length 
measured along the fiber as Ci, to region 2, where the corresponding 
conductance decreases to Ca, the current flow outside of and along the 
fiber remains practically the same but the potential dro)) in region 2 is 
greater than it would have licen in region 1 iDccausc of the decrease in 
conductance. Therefore lead G-i will be at a higher potential than Gy. 
In figure 4 B the potential along the fiber is plotted against its length; 
the equipotential lines in A were drawn from the potential plot in B. 

It is possible to derive a mathematical expression for the resulting 
recorded artifact. Let 

Ey = Ei{z — vl) 

be the function of the parameters x and t, the distance along the fiber and 
the time respectively, which will repx’cscnt the traveling action potential 
wave in a medium having the conductance, C\ of region 1 of figure 4; 
V is the velocity of the wave. Let Ez be a similar function for the wave in 
a medium having the conductance, Cs, of region 2. Now if hi and Jh 
represent the spike height in regions 1 and 2, respectively, then, at least 
to a good approximation, 

Ex = j- Ei{x — vl). (2) 

hi 

This follows from the experimental fact that the shape, duration and 
velocitv of the wave does not change under the present conditions (cf. 
fig. 2).' 
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A C B D 


Fig. 3. Records of artifacts. In each cas;e the change in conductance producing 
the artifact occurred at 0 inm. from the finst lead. Therefore the first negative 
deflection is a record of the action potential itself, while the ensuing variations, the 
start of which is marked In' an A', is the artifact. Under each record the change in 
conductance is shown diagrammaticalh'. Monophasic leading off; time, 1 msec. 
See text for further references to records. 



Fig. 4, A. Scheme of the current flow outside the fiber when the impulse en- 
counters a sudden decrease in conductance. The equipotential lines are constructed 
from B, a diagram of the potential along the fiber. See text for analysis. 


As a consequence of this fact it can be assumed that the current lea\’ing 
or entering the membrane along the wave does not change as the external 
resistance is altered, and therefore from equation (2) 

hz Rei Cl 

hi~ Cz 
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SO that 


. (3) 

Furthermore, since the external medium sei^’^es as a linear conductor, 
in the neighborhood of the discontinuitj’^ the part of the wave in region 1 
will be represented by Ei and the part in region 2 by E 2 . Therefore 

AEi = jBo — El, at X, 

where AEi is the increment of Ei produced by the sudden change in con- 
ductance, as shovm in figure 4 B. From equation (3), then, 

AEi = ^^^Ei,B.tx, 

= Gi-G2, 

where Gi is the potential of the first lead relative to ground and Gi that 
of the second. Tliis means, of course, that the recorded artifact, expressed 
by the -increment AF 2 , is proportional to the action potential. 

This artifact is of some use in certain tj-pes of experiment, for instance 
those with drugs, since effectively an extra lead can be obtained at any 
point in the led-off stretch by merel}’’ sliifting the special lid. Examples of 
this type of artifact were shown in figure 3, A and B. Actually, the con- 
ditions diagrammed in figure 4 are those under which figure 3 B was 
taken; 3 A is the converse case. 

Expressions for the artifact shown in C and D of the latter figure can 
also be readily derived. Referring to figure 5 A, the action potential in 
region 1 suddenly encounters a narrow region 2 of different conductance. 
Using the same notation, it will be seen that 

AE^ = SEi — SEi . 

Since 

dEz = ^ 8Ei , 

O 2 

AEi = BEi . 

If Aa: is sufficiently small compared to the wavelength, then 

_ a dEl . , 

8Ei = — Ax, at X. 
dx ’ 

Therefore, 

/I n ’"aW a Cl — C 2 dEl . , 

Gi — G 2 — AEi — — — Ax, at X. 

*■ O 2 ax 


( 4 ) 
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The recorded artifact is thus proportional to the first differentialj 


BEi 

ax’ 


of the action potential, which changes sign at the crest of the spike, ac- 
counting for the diphasic response seen in figure 3, C and D. 

A spurious response very similar to the latter artifact ^snll be recorded 
from a preparation where there is an abrupt but short increase in con- 
ductance, such as could be caused by an idle electrode. Of more interest, 
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Fig. 5. A. Diagram of the potential along the fiber at an instant when the impulse 
is passing a sudden short decrease in conductance, the circumstance producing the 
artifact shown in figure 3D. B. Similar potential diagram for the case where the 
impulse is passing an electrode of high conductance. See text for analyses. 

however, is the question of the effect of the increased conductance fur- 
nished by the active leads. The last result, equation (4), will be of help 
in finding an answ^er. 

In figure 5 B the impulse is traversing an active electrode covering the 
region x to (x + d). If E is the function expressing the potential of the 
traveling wave in the region before and after the electrode, having the 
conductance C, and E' the function in a region having the conductance 
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C of the electrode, then the potential, Gi, of the first electrode relative 
to ground can be expressed by 


Gi — E — , at x; 

and the potential, (? 2 , of the second electrode by 

n <x C — C bE , ^ 

G 2 — BE — 8E = — — — d, at X, 

O uX 

from equation (4), when d is small. When the electrode has a very high 

C — C a 

conductance so Ihat — — = — 1, the difference in potential of the 
electrodes can be expressed liy 

Gi-G 2 = E+ — d, at X, 

bx 

and from Taylor's series 

Gi — Gi = E (x d — vt), at x. 

Therefore when the first electrode has low resistance it will not start 
to lead off the action potential until the imjiulse has traversed most of the 
width of the electrode. This conclusion agrees with ex]Derimental evi- 
dence obtained by Bishop, Erlanger and Gasser (1926) and others. 

It can be concluded that great care must be exerted when leading off 
from single isolated fibers, where the environment of the fiber can be 
ea.silj’^ influenced, to aA-oid the pre.sence of univanted conductance arti- 
facts. On the other hand, here such artifacts can be most readily recog- 
nized. This is not abvays the case in more complicated tissue such as 
Avholc nerve or the central nervous system. It is possible that some po- 
tential variations found in these tissues and ascribed to other causes are 
reallj" due to irregularities in conductance. 

SUMMARY 

A ncAv method for leading off the action potentials from single unmyeli- 
nated nei'A^e fibers is described ; the fiber is mounted in a Lucite trough and 
surrounded by a small amount of solution. 

It is found under these conditions that though the external action po- 
tential decreases as the conductance about the fiber is increased, the shape, 
duration and velocity of the action potential remain unchanged Avithin 
the limits of experimental error. It is shoAvn that the medium about the 
action potential acts as a linear conductor for the action current. 
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Artifacts resulting from irrcgulaiitics in the conductance outside the 
fiber arc described. Two special types of artifacts, one giving a response 
proportional to the action potential and one a response proportional to its 
first differential, are analj''zed. 
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Most experiments concerned witli the effect of posterior pituitaiy ex- 
tracts on body water have been performed upon mammals or frogs. In 
mammals the almost universal method of measurement of such effects has 
been the recording of changes in the volume of urine. In frogs, the usual 
reaction investigated is one which has been referred to as the Brunn re- 
action after Fritz Brunn who discovered the reaction in 1921 at Prague 
(3) and in this reaction an increase in total body water following the in- 
jection of posthypophyseal extracts is measured b,v changes in body weight. 
Superficially, the Brunn reaction and the mammalian ‘ ‘ diuretic-antidiuretic” 
reaction appear to have little in common but a number of recent investiga- 
tions in this laboratory (for example, 2) have brought to light evidence 
which indicates that in at least a number of respects they are fundamentally 
alike; apparent differences were found due to differences in the rate and 
nature of water exchange in the two classes of vertebrates. 

In most previous investigations from this laboratory, the problem of 
phyletic variations between amphibians and mammals has been approached 
from the amphibian end. In the present study, we decided to approach it 
from the mammalian end. It seemed possible that the apparent differ- 
ences between the Brunn and mammalian reactions might be due to differ- 
ences in the method of measuring the effect of posterior pituitaiy extracts. 
Hence we decided to measure any effects not as changes in urine volume 
but as changes in the body iveight of mammals. Using albino rats given 
water by mouth in the familiar water diuresis technique, we found that 
suitable doses of pituitrin would inhibit the loss of weight in such animals. 
To establi.sh conditions necessary for the standardization of such a reaction, 
our first problem was to find the effect of various factors wliich might con- 
ceivably affect the results. We wish now to report on such factors as 
Ave have investigated to date. 

Selected, mature, healthy albino rats were housed in rooms with partial 

1 Presented as a preliminary paper before the Canadian Physiological Society, 
Kingston, Canada, November 4, 1939, and aided in part by a grant from Parke, 
Davis and Company obtained through the courtesy of Dr. E. A. Sharp. 
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temperature control and fed on Purina Fox Chow Checkers with iodized 
water to drink ad libitum, except for 15-18 hours previous to an experiment 
when no food or water were allowed The general technique consisted in 
choosing some 15 to 20 rats from this colony, weighing them to the nearest 
0.1 gram on a trip scale balance, placing them in individual, small cages, 
administering 5 per cent of their body weight of distilled water by mouth, 
injecting half of the number with pituitrin and subsequently re-weighing 
all animals every half-hour or hour. Mean percentage changes in weight 
were plotted against time. 

Significance of control curves. The number of animals which may com- 
prise a group is of nece.ssity limited in any one man-day experiment. In 
Bum’s method of assay of pituitary antidiurctic activity, each dose group 
consists of 4 rats (5), We have used a minimum of 6 rats to a group and 
the problem arose as to what variation might be expected between control 
groups of this number of rats. In other words, how far away .should any 
G-rat mean curve be from its control 6-rat curve in order that the differ- 
ence be unlikely due simply to variation in controls? To get an o.stimate of 
expected variation in 6-rat control groups, 23 such groups were given 5 
per cent of their weight of water by mouth and individually weighed at 
half-hourly inter\mls. The mean percentage change in weight of each 
group at each half-hour was calculated and a grand mean and its standard 
of all group means at each inter\ml were found. The grand means have 
been plotted in figure 1 as a heavy solid line and the standard delations 
about these grand means have been indicated as a .shaded area. 

The shaded area includes two-thirds of all expected means in 6-rat con- 
trol groups measured under these conditions. One curv'e out of everj’^ six 
may be expected to lie above and one cuiwe below the shaded area. Two 
curves, one below and one above the shaded area, would not be expected 
to occur more frequently than 1 out of 36 trials. We took as a working 
principle that when any curve lay a distance from its control which cor- 
responded to greater than the shaded area in figure 1, a possible significant 
difference existed and further experiments should be done to increa.se the 
number of animals per group. In general, when the .space between two 
curves was less than that corresponding to the extremes of the shaded 
area in figure 1, such cun'cs were concluded to be insignificanth' different 
and the factor being studied to have little or no effect, not necessarily no 
effect but an effect, if anjq which could probably be disregarded at present 
in the standardization of technique. 

Body weight. Heavy rats were found to lose weight, with or without 
pituitrin, less rapidly than small rats. This difference in control rats 
receiving 5 per cent of their %veight of water by mouth but no pituitrin is 
demonstrated in the experiments summarized in table 1. Group A con- 
sisted of a total of 36 large rats and group B of 48 small rats and it is ob- 
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vious that during the first 2 or 3 hours, the small rats lost water at a sig- 
nificantlj'' faster rate than the larger rats. After 3 hours, differences in 
the rates of water loss became less striking but the differences in the first 
3 hours are important because it is over this inteiwal that pituitiin is 
usuall 3 ’^ most effective. 

In two other groups of rats similar in weight differences to those re- 
corded above, pituitrin was injected in doses of 0.1 international unit 
per 100 grams’ bod}’’ weight. Over a 5 hour period, pituitrin retained in 
heavy rats 36 per cent on the average of water lost by similar heavy con- 



Fig. 1. Mean changes (solid line) in body weight of 23 groups of 6 albino rats each 
given by mouth 5 per cent of their weight of water and the standard deviation of the 
means (shaded area). 

Fig. 2. The effect of environmental temperature on changes in the body weight 
of albino rats given water by mouth without pituitrin (solid lines) and with 0.1 in- 
ternational unit (single dot lines), 0.01 unit (double dot lines) and 0.001 unit (triple 
dot lines) of pituitrin per 100 grams body weight. 

Fig. 3. The effect of various periods of fasting and thirsting on the loss of water 
given by mouth to rats with (top curves) and without (bottom curves) 1 international 
unit of pituitrin per 100 grams body weight. 


trolsnot receiving pituitrin. Of the lightweight rats, those injected with 
pituitrin lost only 27 per cent less water than the controls not receiving 
pituitrin. The mean difference of 9 per cent had a standard deviation of 
4.6 which is just about indicative of a sigmficant difference. In subsequent 
experiments rats of similar weight were used in all groups to be compared. 

Season. The Brunn reaction in frogs varies markedly with season, 
showing a markedly decreased response in the winter months in this 
locality (4) and in other respects we have found the body water of frogs to 
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respond to posterior pituitary extracts differently with seasonal changes. 
We anticipated a seasonal variation in albino rats but found none. When 
we averaged percentage changes in body -weight of diuretic rats in groups 
of 30 or more the year around, the mean values were almost identical ir- 
respective of season. Having excluded other suggested causes, seasonal 
variation in the Brunn reaction was ascribed to some internal factor such 
as seasonal variation in sexual activity (4). This idea is perhaps bom out 
by the present results since we have not noted in this laboratory any 
significant seasonal variation in the sexual activity of albino rats as in- 
dicated by the ease and success of breeding. W^e have found rats a little 
more difficult tu breed in Januarj’- and Februarj’- but not markedly so. 

Environmenlal temperature. To accentuate any possible effect of en- 
vironmental temperature, rate were divided into three groups and simul- 
taneously given water by mouth wth and without various doses of pituitrin 

TABLE 1 


The effect of body weight on the loss of water administered by mouth in doses of 5 -per cent 

of body weight to albino rats 
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1 

BOOT i 

novjivr PEH CENT CHANGE IN HOPT WEIGHT 


WEIGHT 

IHr. 

2Hra. 

3 Hrs. 

4Hr3. 
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1 
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250 : 
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+1.07 

+0.23 

m 

Mean | 

B 


+3.34 

lila 

+0.54 

+0.02 


Mean difference 

1 


0.51 

i 1.06 

0.53 

0.21 

■IS 

>Standard deviation of 
mean difference 

I 

i 

1 


0.24 

0.26 

i 

0.35 

! 

i 0.38 

0.35 


in one room at a temperature of 4.4°C., in another at 23.8°C., and in a 
third at 39.5°C. Mean changes in several experiments are shown in 
figure 2. At room temperature of 23.8°C., the usual type of response was 
obtained. In a refrigerator room at 4.4°C., rats not recei\dng pituitrin 
lost water much less rapidly, the various doses of pituitrin had a less marked 
and more brief water-retaining effect and in many instances the pituitrin- 
injected rate had actually lost more water at the end of the experiment 
than had the controls. At a temperature of 39.5°C,, the loss of water was 
so rapid that pituitrin was ineffective in influencing the changes in body 
weight. These results indicated that environmental temperature was a 
factor which required itself to be taken into consideration. In subsequent 
experiments requiring comparison of data obtained on several different 
days especially in the summer months when environmental temperature 
varies here a good deal more than in the winter months in artificially heated 
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rooms, the factor of temperature was taken into account by including in 
each day’s experiment equal numbers of rats in all groups to be subse- 
quently compared. 

Light. Environmental light was investigated because of the well known 
controversy regarding its reputed effect on the hypophysis and its hor- 
mones. Rats were assembled, one group in a dark room in which weighings 
were made with the aid of a small red hght, and another group in the open 
laboratory. Under these conditions, no appreciable differences were noted 
in the weight loss of rats with or without injections of pituitrin in various 
doses. 

Air velocity. Rats were assembled in three different rooms in which the 
temperature and relative humidity were the same but air velocity varied 
by the use of electric fans. The cooling power of the air in each room was 
measured by a katathermometer and the dry kata or DK readings were 
respectively 2.1, 3.1 and 7.9 millicalories per square centimeter of instru- 
ment per second. Weight changes in rats assembled in these three rooms 
vdth or without pituitrin were identical in corresponding experiments. 
Weight changes in frogs assembled under similar conditions are markedly 
affected by air velocity. The difference between frogs and rats is no doubt 
due to the fact that frogs normally lose a great deal of their water by 
evaporation through the skin while rats lose very little water in this manner 
at ordinary temperatures. 

Relative humidity. No direct data were obtained on experimental al- 
teration of relative humidity alone but in this connection the following 
infoimation may be of interest. In the summer, relative humidity read- 
ings taken in the laboratory were high, between 60 and 80 per cent satura- 
tion, while in the winter with a hot water heating system the relative hu- 
midity readings fell to between 10 and 30 per cent saturation. When the 
results in comparable experiments with animals of the same weight, at 
the same room temperature, etc., were tabulated and plotted, it was not 
possible to demonstrate any difference. In this comparison, however, 
two factors were varying, season and relative humidity and it is just possi- 
ble that there may have been changes in one which counterbalanced 
changes due to the other. 

Fasting and thirsting. Rats were divided into three groups, one group 
deprived of food and water for 18 hours, another for 42 hours and a third 
for 66 hours. Rats in each group were then given water by mouth and 
varying doses of pituitrin. Mean changes in body weight under these 
conditions have been plotted in figure 3 ; the dosage of pituitrin used in the 
experiments plotted in figure 3 was 1 international unit per 100 grams’ body 
weight. Other doses of pituitrin were also used and the resulting curves 
were distributed similarly to those shown in figure 3. 
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The results dcmonstraiBd first that a water diuresis could be produced 
in rats even after several da 3 ’’s of thirsting and fa,sting, a finding which has 
been prcviouslj^ recorded bj' Heller and Smirk (6). Pituitrin was more 
effective in retaining bod 3 ^ water in the more dch 3 'd rated and fasted rats 
and this was seen in all experiments. This is an interesting finding since 
it suggests that the action of pituitrin in rats can be altered by the state 
of water balance of tissue cells, a conclusion also reached b 3 ’' a different 
method in experiments reported b 3 ' Pickford (9). 

Salt intake. In the experiment just described, two factors were altered, 
the water intake and the food intake and probabh’^, though not necessarily, 
the important part of the food intake was its salt content. Baldes and 
Smirk (1) recorded that a salt-deficient diet decreases water diuresis and 
this was confirmed by McCance and Widdowson (7). Unna and Walters- 
kircher (10) demonstrated that pituitrin is markedly diuretic if animals 
are placed upon a high salt diet. In confirmation of these and other 
reports, we have found that giving from 50 to 250 mgm. of sodium chloride 
per 100 grams per day also causes pituitrin to stimulate weight loss instead 
of retention in rats given water by mouth. These and similar observations 
are all probably closely related to the original finding of Motzfeldt (8) 
that pituitrin cannot inhibit a saline diuresis. The phenomenon pre- 
sumably occurs when the water normally retained by pituitrin is required 
to dissolve excessive amounts of salt, the urinary excretion of which is 
normally stimulated by pituitrin. 

Chlorhutol in 'pituitrin. Commercial ampules of pituitrin contain 0.5 
per cent of chlorbutol. We have found that chlorbutol itself in doses up 
to 1 ml. of 0.5 per cent per 100 grams body weight, which corresponds to 
the chlorbutol in 20 units of Pituitrin Surgical, has no appreciable effect 
on the loss of water administered to rats. 

SUMMARY 

When water is administered by mouth to albino rats and loss of body 
water measured as changes in body weight with and vdthout pituitrin, the 
following factors affect the reaction. Small rats lose water more rapidl 3 ’' 
than large rats and pituitrin is less effective in preventing or inhibiting 
weight loss. Extremes of environmental temperature, either cold or hot, 
depress the water-retaining effect of pituitrin. Pituitrin retains water 
more effectively in rats dehydrated and thirsted for a prolonged period. 
Administered salt decreases the water-retaining effect of pituitrin and ma 3 ^ 
reverse it. Factors which were found to have little or no effect on the 
reaction of albino rats to pituitrin included season, emdronmental light, 
air velocity and relative humdidity. 
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It is the purpose of this paper to present quantitative data which pro- 
vide further support for a physical hypothesis of intestinal absorption 
and secretion of fluid. 

Previous work of the author (1) has indicated that absorption of fluid 
from the intestine may be effected by the energy of colloid osmotic forces 
exerted by proteins in the tissue fluids of the viUi; for it was found, in the 
case of each of a series of animals, that the negative intra-intestinal pres- 
sure required to abolish absorption was equal to the colloid osmotic pressure 
of lymph from the lacteals of the same loop of gut. The author has sug- 
gested (2) that secretion of fluid by the bowel may result chiefly from the 
operation of simple physical mechanisms. Elevation of tissue pressure 
in the villi may result in ultrafiltration of tissue fluids through the epithe- 
lial membrane into the lumen of the gut. During secretion the villi are 
observed to be swollen, often to tvice their resting diameter, and this 
appearance leads one to believe that tissue pressure becomes elevated as the 
result of filtration of fluid from the local capillaries. As a matter of fact, 
these vessels are congested, and the tonic contraction of the niuscularis 
mucosae (which accompanies the secretion resulting from pilocaropine or’ 
from irritation of the mucosa) appears to offer obstruction to the drainage 
both of venous blood and of lymph. Although attempts have been made 
to measure tissue pressure in the mucosa by methods employed success- 
fully in other tissues (3) local bleeding has always rendered these studies 
valueless. The present paper offeis another, indirect, approach which 
seems to solve the problem; for the value of tissue pressure may be esti- 
mated in terms of capillary and osmotic pressures, under specified con- 
ditions. 

The physical hypothesis of fluid transfer may be expressed in the form 
of the equation: 

(1) ^ = k{TP - OPt - IP) 

at 

* This work was aided by a Fluid Research Fund of the Rockefeller Foundation. 
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in this formula, , the rate of flow of fluid through the gut wall, is posi- 
tive when fluid is secreted and negative during absorption. TP is the 
hydrostatic pressure and OPt is the colloid osmotic pressure of the tissue 
fluids of the villi; IP is the intra-intestinal pressure; and k is the constant 
of proportionality. Since k varies with the area and permeability of the 
intestinal mucosa (factors which cannot be accuratel 3 ’' measured) compari- 
son of data from various animals is facilitated if the pressures can be so 
adjusted that neither absorption nor secretion occurs. Under these con- 
dTF 

ditions -y- = 0, and the formula becomes: 
at 

(2) TP - OPt -f IP 

When the gut is in the absorbing state — the villi being slender and the 
blood flow sluggish — it maj'' be assumed that TP is close to atmospheric 
pressure. When TP = 0 the equation reduces to the form: 

(3) OPt = -IP 

On the assumption that OPt is the same as the colloid osmotic pressure 
of Ijunph from the lacteals, form (3) of the equation expresses the actual 
conditions required to balance the forces of secretion and absorption when 
the gut is in the absorbing state (1). 

Except for the special case when secretion results from the application 
of excessive negati\'e pressure to the contents of a loop of bowel (4), the 
mucosa of which is in the absorbing state, one finds that the villi and the 
whole thickness of the mucosa are swollen and turgid with fluid whenever 
secretion occurs. It may be assumed that the ti.ssue pressure, TP, has a 
positive value when secretion is produced by mechanical or chemical 
stimulation of the mucosa, bj" cutting the mesenteric nerves, by intravenous 
injection of large amounts of saline, by injections of pilocarpine, or by 
procedures which elevate the portal venous pressure to a sufficient degree. 
Consequently the value of TP must be considered in any attempt at 
quantitative '\'alidation of the physical hypothesis of fluid transfer which 
includes a study of normal secretion. Since the '\'’alue of TP cannot be 
olitained bj*^ direct measurement, it is fortunate that this variable can be 
eliminated from our equation by the substitution of equivalent quantities. 
It is evident that the physical hypothesis involves the factor of capillary 
filtration — the process by which fluid is supplied during secretion — and it 
must be assumed that, when intestinal absorption and secretion are 
balanced, capillary-absorbing and capillaiy-filtering forces are also in 
balance, provided fluid cannot escape from the villi by the lymphatic 
channels. Under these conditions: 

( 4 ) 


CP - TP = OPi - OPt 
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In this equation CP is the mean capillary pressure, TP is the tissue pres- 
sure, OPh — OPi represents the effective colloid osmotic pressure: the 
difference between the total colloid osmotic pressure of the blood and the 
osmotic pressure of proteins in the tissue fluids. When the value of TP 
from equation (2) is substituted in equation (4) Ave obtain: 

(5) CP - IP = OPi 

Equation (5) contains variables IP and OPh which are easily measured, 
but since the capillaiy pressure in the villous circulation cannot be de- 
termined directly it is necessary to estimate CP indirectly. We have 
caused CP to vaiy by producing various degrees of congestion of the mesen- 
teric veins. When properly applied to the mesenteric vessels, the crescent- 



r? 


Fig. 1. Apparatus employed for congesting mesenteric vessels. Originall}' de- 
signed as a plethj'Smograph, the device was used, during this research, merely to 
provide support for parallel metal plates, between which were placed the mesentery 
of the isolated loop and the soft rubber bag used to produce congestion. The helical 
coil of aluminum wire, attached to its rubber-covered glass cannulae, is shown at the 
left. This device is placed inside the loop of gut, the ends of which are tied tightly 
over the cannulae. 

shaped rubber bag, pictured in figure 1, may be blown up to compress the 
veins and lymphatics. Filtration of fluid from villous capillaries is doubt- 
less accelerated by the resulting elevation of capillaiy pressure. The 
accumulating tissue fluid eventually swells the tilli because its escape by 
way of the mesenteric lacteals is cut off at the point of application of the 
pressure bag. 

It was found experimentally that, corresponding to any given intra- 
intestinal pressure — pressures slightly below atmospheric were employed 
throughout — there was a definite mesenteric venous pre.ssure, measured 
by a water manometer connected to the rubber bag system, which exactly^ 

- The greatest error in determining each of the pressures which were measured 
(mesenteric venous, intra-intestinal, and colloid osmotic pressures) does not exceed 
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balanced the forces tending to cause absorption of fluid. Since venous 
pressure, during passive congestion, is probably not much lower than 
mean capillary pressure, it is not surprising to find, when the values of 
mesenteric venous pressure are substituted for CP in equation (5), that 
the equation actuallj’- expresses the conditions for the balancing of fluid- 
absorbing and fluid-secreting forces of the intestine. The gi’aph of the 
data, shown in figure 2, indicates that fluid transfer through the gut wall 
will cease when mesenteric venous pressm’e and intra-intestinal pressure 
are so adjusted that their difference is equal to the total colloid osmotic 
pressure of the animal’s blood serum. The fine dravm at a slope of 45 
degrees from the origin is the locus of points representing exact equality of 
CP — IP and OPb. It ■will be noted that the experimental points arrange 
themselves fairly accurately along the theoretical line. 

The data were obtained from experiments on 10 dogs, anesthetized 
with sodium barbital (0.25 gram/kgm., injected intravenously). Single 
determinations were made on 7 animals. The eighth dog received an 
intravenous injection of 100 cc. of 30 per cent acacia solution, which 
elevated the osmotic pressure of the blood from its original value of 
26 cm. of water to the high level of 42 cm. of water. The corresponding 
value of CP — IP underwent a change of the order to be expected from the 
physical hypothesis of fluid transfer as expressed in equation (5). Another 
dog was bled until the osmotic pressure of its blood fell from 27 to 20 cm. of 
water. The tenth dog was bled four separate times, the osmotic pressure 
falling from the original value of 29 cm. to successive values of 24, 19, 14 
and 10.5 cm. of water. In order to maintain the balance between absorb- 
ing and secreting forces it was necessary to diminish the congesting pressure 
at each stage, as indicated in the figure. 

Intra-intestinal pressure was maintained, during these experiments, at 
from —3 to —5 cm. of water. The helical coil of aluminum -wire, pre- 
%dously described (4) and pictured in figure 1, prevented collapse of the 
gut walls when internal pressure was reduced below atmospheric. The 
congesting pressures, required to balance absorbing and secreting forces, 
varied from 8 to 40 cm. of water. In one experiment intra-intestinal 
pressure was set at successive levels of —2, —6 and —11 cm. of water. 
The corresponding values of mesenteric venous pressure required to prevent 
fluid transfer in either direction were 24, 20 and 14 cm. of water, respec- 
tively. The values of CP — IP were therefore 26, 26 and 25 cm. of 
water respectively: a fairly good check on the validity of the assumption 
that variations in venous pressure and intra-intestinal pressure are equally 


1.0 cm. of water. A change of less than 0.5 cm. of water in any of these pressures 
will produce a readily detectable change (0.01 cc. per minute or greater) in the rate 
of absorption or secretion. 
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effective in influencing tlie transfer of fluid, at the point of balance be- 
tween secretion and absorption. 

It has been obser\"ed that during congestion of the mesenteric veins and 
lacteals, the whole thickness of the gut wall becomes swollen, and fluid 
weeps constantly from the peritoneal surface of the loop. This fluid loss 



Colloid Osmotic Pressure of Blood 

Fig. 2. Data indicating that when mesenteric venous and intra-intestinal pres- 
sures are adjusted to balance fluid-absorbing and secreting forces the difference of 
these values is approximately equal to the colloid osmotic pressure of the blood, over 
a wide range of values of the latter. The diagonal line is the locus of points repre- 
senting exact equality of these variables, as demanded by theory. 

presents possibilities for error in the analysis, for it has been tacitly as- 
sumed, in the discussion of the mathematical physics of the filtering-ab- 
sorbing system, that the whole mechanism is enclosed in elastic, non- 
leaking walls. Consequently when we examine the graph of figure 2 it is 
not perhaps surprising that more points are found to lie above the theo- 
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retical line than below it. It seems evident that, in a shghtly leaky sys- 
tem, capillarj’- pressure must be maintained above the true point of equi- 
librium in order to provide for filtration at a rate equal to the losses from 
leakage. Most of this leakage, to be sure, may take place from the 
capillaries of the muscular coats and peritoneal surface, but it would be 
logical to believe that fluid can also escape by filtration from thin-walled 
lacteals as they penetrate the sub-mucosa and enter the muscularis. 
During the nonnal process of secretion such leakage presumably does not 
occur, since the veins and central lacteal of each villus are constricted at 
the base of the villus by the tonic contraction of the muscularis mucosae. 

The error of estimating capillary pressure from venous pressure will 
tend to make the experimental points of figure 2 fall below the line. It is 
possible that this error in the negative direction may have become com- 
bined, in some instances, with the positive error mentioned in the preceding 
paragraph to give, by chance, the almost exact concordance of obsen'ed 
and theoretical values represented by the points which lie closest to the 
line. 

Relation of inira~inieslinal, congesting, and osmotic pressures to the rate 
of secretion of intestinal juice. If, at any constant value of intra-intestinal 
pressure, the congestion of the mesenteric veins and lymphatics is in- 
creased beyond the point of fluid balance, secretion vill occur at a rate 
which attains a constant value, the magnitude of which is determined by 
the congesting pressure. A loop of bowel 20 cm. long may be caused, in 
this maimer, to secrete fluid at a rate of 0.5 to 1.0 cc. per minute wdthout 
becoming damaged; but at congesting pressures above 40 to 60 cm. of water, 
hemorrhage from the mucosa may complicate the experiment. Usually 
the effects of congestion are completely reversible; thus, upon release of 
the congesting pressure, the gut, within a few minutes, resumes absorp- 
tion of fluid at precisely the rate obser\’'ed during the period preceding the 
congestion. 

If the congesting pressure is elevated in successive steps above the 
point of fluid balance, fluid is secreted at rates w^hich increase geometri- 
cally rather than in direct ratio to the increments of venous pressure. 
Changes in intra-intestinal pressure at constant congesting pressure pro- 
duce nearly proportional changes in the rate of secretion or absorption, 
but the constant of proportionality increases as the congesting pressure 
is increased. Stated in another way, the relation of fluid flow to intra- 
intestinal pressure is approximately linear, but the slope of the line in- 
creases geometrically as congesting pressure increases. It is possible that 
these deviations from proportionality are due to a progressive increase in 
the surface and a diminishing thickness of the epithelial membrane of the 
villi as they become progi’essively more swmllen by increasing grades of 
congestion. There are other possibilities, but this explanation seems most 
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probable, for visual observation of the villi, which was made possible by the 
use of a special glass-covered chamber previously described (2),' showed 
definitely that the villi did become swollen whenever the venous outflow 
from the loop -was partially obstructed, and the degree of swelling paral- 
leled the degree of venous congestion. 

It has not seemed necessary to make special tests of enzymatic action 
to determine ■whether the juice put out by the mucosa as the result of 
venous congestion is normal succus entericus. In the first place, we are 
interested primarily in the exchange of fluid and not in its composition 
with respect to solutes. In the second place, Nasset and Parry (5) 
have found that the fluid -which may be “sucked” into the gut by negative 
intra-intestinal pressure possesses the properties of normal intestinal juice; 
and there is no reason to believe that the “congestion juice” should differ 
from “suction juice” in any significant manner. The fluid which w'e 
have obtained was opalescent, and it contained no trace of blood. 

As might be expected from the discussion so far, changes in colloid 
osmotic pressure of the blood are reflected in corresponding variations in 
the absorbing force of the gut, and in inverse changes in the rate of secre- 
tion. Thus, if an animal is bled and the volume of blood removed is 
replaced by saline, or if excessive amounts of saline are injected into the 
normal animal, -without previous hemorrhage, secretion will start vithin 
a minute or two in a loop of bowel the intra-intestinal and congesting 
pressures of wdiich have been previously adjusted to the point of fluid 
balance. In the case of the dog which suffered a single hemorrhage (200 
cc.) the absorbing force, as measured by the intra-intestinal pressure neces- 
sary to balance the flow of fluid wnthout venous congestion, fell from its 
original value of 19 cm. to 9 cm. of -w^ater. 

Discussion. ^^Tiether physical forces are or are not entirely responsible 
for the transfer of fluid through the intestinal mucosa, it is clear that 
variations in capillaiy^, colloid osmotic, tissue and intra-intestinal pres- 
sures, each and severally, produce profound effects on the absorption 
and secretion of -water. The fact that venous and lymphatic congestion 
of sufficient grade Avill invariably stop the absorption of w'ater and that 
more severe degrees of congestion -will cause significantly rapid losses of 
fluid into the lumen of the gut as well as into the peritoneal cavity are facts 
W'hich are of importance for clinical medicine. The degree of congestion 
required to balance the forces of absorption — 35 cm. of w^ater is an average 
normal value of the colloid osmotic pressure of the blood of man — is 
probably not outside the range of values of venous pressure observed 
clinically in patients suffering from congestive heart failure, constrictive 
pericarditis, portal cirrhosis, etc. It -would be well to point out, however, 
that values of venous or intra-intestinal pressure may not be used, in the 
equations which w'e have derived, unless these pressures are measured in 
relation to intra-abdominal pressure as the zero point. 
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The work of Herrin and Meek (6) on intestinal obstruction showed that 
distention of the' bowel sets up a copious secretion resulting in important 
losses of fluid and salts from the body. Previous experiments of our own 
(unpublished) indicate that distention results in venous obstruction, and 
therefore it may be presumed that the secretion is due to the elevation of 
capillary and tissue pressures. 

We have found that dogs which are veiy deeply anesthetized with 
barbital (0.35 gram per Idlo) often show enlarged spleens, engorged mesen- 
teric veins and portal pressures up to 45 cm. of water. When loops of 
bowel are isolated for study in such animals they invariably secrete 
continuously until the venous pressure is lowered to a normal level by the 
administration of a full dose of atropine, Avhereupon absorption only 
rarely fails to set in. The action of atropine to facilitate absorption of 
fluid has been noted by others (7). It is possible that the effect just 
described is due to some action of the drug on the hepatic sluice mechanism; 
but atropine also relaxes the outer gut musculature, an effect which 
should facilitate absorption in cases in which the tone of these muscles 
causes local venous congestion. 

Objections to the physical hypothesis of intestinal fluid transfer have 
been raised by several writers. Some have insisted that absorption and 
secretion of fluid occur simultaneously; that changes of volume of solu- 
tions placed in the gut therefore represent the resultant effects of the two 
processes; and that, consequently, attempts to measure the rates of fluid 
absorption and secretion separately are doomed to failure. This pessi- 
mistic view appeals to be based on the preconceived idea — no longer 
tenable — that living cells are unable to transport separate ions or mole- 
cules, but must move solutions en masse. The fact that water can be 
absorbed while salts and other blood constituents and enzymes are passing 
outward into the contents of the gut is no more difi&cult to explain by well 
knovm laws of diffusion than is absorption of tissue fluids through the 
walls of a blood capillary at the same time that a dye is diffusing out of the 
capillary into the tissue spaces. 

The fact that the gut can absorb water from a hypertonic solution of 
NaCl has been considered as proof of the existence of special absorbing 
forces capable of operating against several atmospheres of osmotic pres- 
sure. But the laws of osmotic pressure tell us nothing whatsoever about 
the initial direction of movement of water from one solution to another 
except when the membrane separating them is absolutely impermeable 
to all solutes. Ions or molecules which are diffusing rapidly through a 
membrane may be expected to “carry water with them” in what appeal’s 
to be the wrong direction. It was shoMm by Lazarus-Barlow in 1896 (8) 
that ox serum would absorb water from a 2 per cent NaCl solution across 
an artificial membrane which was permeable to the salt but impermeable 
to the serum proteins. Most physiologists realize that red blood cor- 
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puscles are quickly hemolyzed by hyperosmotic solutions of urea in 
water. Thermodjmamic relations of this typo of “anomaloas’’ osmosis 
have been discussed by Shreincmakers (9). 

Colloid osmotic forces have for years been considered inadequate to 
account for the absorption of water from blood serum or solutions of 
acacia. However, as Rabindvitch (8) and the author (unpublished) have 
shown, serum and acacia are absorbed at precisely the same rate as isotonic 
saline. This very exact equality of the absorption rates persists even at 
negative intra-intestinal pressures, and absorption of serum is retarded 
and eventually stopped by increasing degrees of negative pressure in the 
same manner and to the same extent as absorption of saline is affected by 
these relatively small changes in the applied force. These experiments, 
so far as they go, merely indicate that the proteins and acacia are, in some 
unknown manner, rendered completely incapable of exerting any colloid 
osmotic pressure, when they are brought in contact with the surface of the 
mucosa. The problem invites further study. 

It has been suggested that the anesthesia or the negative intra-intestinal 
pressure employed in our experiments may abolish some of the special or 
selective absorbing or secretory forces of the gut, leaving unaffected those 
simple physical forces which the author has measured in previous studies; 
but the fact that “chloride impoverishment” (10) and absorption of 
serum — phenomena which involve special selective activity — ^have been 
shown to persist in our animals under the conditions prevailing in all of 
our experiments, would seem to rule out such objections to the physical 
hypothesis. 

The author is well aware of the fact that the intestinal juice is not in 
equilibriiun mth the blood, so far as the various solute concentrations, pH, 
etc., are concerned (11, 12). It is clear that the mucosa performs osmotic 
work upon dissolved materials; but neither these phenomena nor the fact 
that the mucosa secretes mucus and enzymes need have any more bearing 
on absorption or secretion of water than the secretion of ammonia by the 
kidney has upon the process of glomerular filtration. There are no data 
which compel the belief that “water is ever transferred by the gut against a 
true osmotic gradient. 

It is urged, finally, that the scientific principle of economy of hypothesis 
favors the unitary and relatively simple thcorj’’ proposed by the author to 
accoimt for the transfer of fluid through the gut wall. 

The remarkable experiments of Koniges and Otto (13), who find that 
central lacteal pressure in the viUi of cats may attain values (24 to 25 
mm. Hg.) considerably in excess of the colloid osmotic pressure of intes- 
tinal lymph (10 to 11 mm. Hg.), lend direct support to the physical hy- 
pothesis of intestinal secretion, and indicate that future study of the 
problems of fluid transfer may, after all, involve the use of direct micro- 



FLOW OF FLUID THROUGH INTESTINAL MUCOSA 


419 


pipette determinations of the capillaiy and tissue fluid pressures within 
the villi. 


SUMMARY 

1. Moderate congestion of the mesenteric veins and lymphatics produces 
slowing of the rate of absorption of isotonic saline from isolated loops of 
the small intestine. At a definite congesting pressure absorbing and se- 
creting forces may be exactly balanced. Higher grades of congestion 
produce secretion of intestinal juice, the rates of secretion increasing 
geometrically as mesenteric venous pressure is increased above the value 
required to abolish absorption. 

2. Analysis of the physical hypothesis which has been proposed to 
account for intestinal absorption and secretion of fluid, indicates that 
absorbing and secreting forces should be neutralized when the difference 
lietween mean capillaiy pressure in the villi and intra-intestinal pressure 
is equal to the colloid osmotic pressure of the animal’s blood plasma. 
When venous pressure is used as the measure of capillaiy pressure the 
equation fits the data obtained experimentally. 

3. Some objections, commonly raised against physical hypotheses of 
intestinal transfer of fluids, are discussed. 
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The idea seems to have been widelj’’ accepted that certain substances 
amongst which are chlorides and sulfocyanides can be used to estimate the 
size of the extracellular fluid compartment of the body as a whole or the 
size of the extracellular compartment of its various organs (1, 2, 3). The 
principle of the estimation involves two assumptions: 1, that such sub- 
stances do not penetrate the cells, and 2, that in the fluids outside the cells 
they undergo and are maintained in uniform distribution. It can be 
easily shovm that chlorides and sulfocyanides do enter the erjdihrocjTes of 
the blood stream (1), but the adult red corpuscles are not true cells mor- 
phologicallj'- in that they contain no nuclei and there is reason for belie\dng 
that their behavior is not necessai’il}’- that of true cells. On the other hand, 
experimental findings have shown Avith remarkable uniformity a constant 
fraction of the total body substance not invaded by chlorides and sulfo- 
ej’^anides (approximately 70 per cent bj’’ volume) and it has been argued 
that this can only represent that portion composed of cells. 

The experiments noAV being reported haA'^e made use of the above assump- 
tions in attacking the general problem of the physiologic response to mas- 
sive infusions of approximately isotonic solutions of sodium chloride and 
glucose concerning Avhich several reports from this laboratory haA'^e already 
been published (4, 5, 6). The present investigation is concerned Avith the 
estimation, by the chloride and sulfocyanide methods, of the normal size 
of the total extracellular fluid compartment of the body, the extracellular 
compartment of its component organs, and the manner and extent of 
modification of the size of these compartments bj’^ massive infusions. 

Methods and calculations. As in preAuous investigations, cats were 
used , as experimental animals. They were anesthetized by injecting 
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intraperitojieally cither dial* (60 mgm./kgm. body weight) or phenobarbi- 
tal (40 mgm./kgm. body weight). A suitable accurately weighed quantity 
of sulfocyanidc (usually about 140 mgm./kgm. body weight) was then 
given by vein and 30 minutes were allowed for uniform distribution 
throughout the sulfocyanidc available volume of the animal. At the end 
of this time 10 ml. of blood were withdrawn from the carotid artery 
and set aside for subsequent suIfoc 3 'anidc (7) and chloride (8) determina- 
tions. Control animals (not infused) were immediately sacrificed by 
asph 3 ’^xia and their tissues taken for analysis. The control group comprises 
14 animals. 

In the case of the NaCl solution the amount given was such as to give a 
total infused volume of 400-550 ml./kgm. initial bod 3 " weight and a 
retained volume of 375 ml./kgm. initial bod 3 ’’ weight. Glucose solutioas 
were given in such amounts as to give a total infused volume of 300-475 
ml./kgm. initial bod 3 ’- weight and a retained volume of 275 ml./kgm. 

TABLE 1 


Volume of extracellular water in the cat on the hosts of sulfocyanide distribution and 

total chloride content 


! 

EXPEEIMEKT 

[ -WEIOnT 

1 AVAn-ABLi: TVATER IN ilL./KOM. CAT 

Sulfocyanide 

Chloride 

A 

kgm. 

1.98 

288 

316 

B 

1.65 

288 

320 


initial body weight. These amounts represent volumes certainly not 
lethal but definitely approaching lethal values. 

Thirty minutes were allowed after the termination of the infusion for 
uniform distribution of the infusate. Ten milliliters of blood were then 
vfithdrawn from the carotid artery and were set aside for subsequent 
chloride and sulfocyanidc analysis. The animals were killed by asph 3 oaa. 
Various organs were removed promptly, blotted to remove excess blood 
and accurately vreighed. These were then dried to constant weight in 
an oven maintained at 105°C. and their dry weight determined. The 
fat was removed by extraction with ether and the fat free Aveight deter- 
mined. The dried, fat free tissue was subsequently dissolved in normal 
KOH solution from which aliquot portions Avere taken for chloride (9) 
and sulfocyanide (10) analysis. 

In all cases excreta (feces, urine and Ammitus) Avere collected and ana- 
lyzed for chlorides and sulfocyanide. 

^ Supplied by courtesy of Ciba Pharmaceutical Products, Inc. Lafayette Park, 
Summit, N . J. 
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In two additional experiments after determining the sulfocyanide 
available volume of tliQ animals, the whole cat was dissolved in noiinal 
solution. The chloride content of the dissolved animal was deter- 
mined and the chloride available volume calculated. These volumes were 
then compared (table 1). 

The following calculations have been made and tabulated: 

Sulfocyani^ available water of the uninfused cat in ml./kgm. body weight (AWs): 


( 1 ) 


’mM sulfocj^anide injected/ _ mM sulfocyanide excreted/ 

kgm. body weight kgm. body weight 

mM sulfocyanide/ml. serum 


Sulfocyanide available water of the infused cat in ml./kgm. final 0) body weight 

(AWs); 


( 2 ) 


mM sulfocyanide injected/ _ mM sulfocyanide excreted (and in peritoneal 
kgm. final body weight exudate) /kgm. final body weight 


mM sulfocyanide/ml. serum after infusion 
Chloride available water of the infused cat in ml./kgm. final body weight (AWci); 


serum chloride of] 
X the uninfused cat 
in nvM/ml. 


available water in 
ml./kgm. original 
, body weight 


(^) infused chloride 
-f retained in mM/kgm. 
original body weight 


( 3 ) 

^ serum chloride of the infused cat in mM/ml. 

Sulfocyanide available water of individual organs in ml./kgm. final body weight; 


( 4 ) 


sulfocyanide in mM/kgm. organ 
sulfocyanide in mM/ml. serum 


Chloride available water of individual organs in ml./kgm. final weight; 

( 5 ) 


chloride in mM/kgm. organ 
chloride in mM/ml. serum 


Calculated sulfocyanide available water of individual organs of infused cats in per 
cent total water following infusion: 

total increase in water con-l 

.uuyuuiue aviiiiuuie water 
in : ’ " 


( 6 ) 


sulfocyanide available water ^ ^ ^ j nd./kgm. original 
ml./kgm. original weight ^ weight. 


X 100 


(1000 + increase in water contentl ^ water content in ml./gm. in- 
\ in ml./kgm. original weight / fused organ 


Calculated chloride available water of individual organs of infused cats in per cent 
total water following infusion: 


- Final body weight, as used in this study, represents the original weight to which 
is added the volume of fluid infused less the volumes of fluid excreted by all excretory 
organs and that volume of fluid found free in the peritoneal cavity at the end of 
infusion. 

® Chloride lost by excretion or passing into water in the peritoneal cavity during 
glucose infusion must be subtracted. 
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(7) 


f chloride available water in 
ml./hgm. original weight 


+ 


total increase in water con- 
tent in ml./kgm. original 
weight , 


XlOO 


riOOO -h increase in water content! ^ water content in ml./gni. 
\ in ml./kgm. original weight / infused organ 


I. The size of the chloride and sulfocyanide availahle volumes in the normal 
cat. The total chloride available Avater of the cat is slightly greater than 
the sulfocyanide available water (table 1). This becomes' especially 


TABLE 2 

Sulfocyanide and chloride available volumes of the organs in normal cals 


KORMAL CnLORIRE VALUES 


KORMAL BULFOCTAKIDE VALUES 


ORGAJf 

Etperiment 3 
Chloride available 1 
water 

Average 
chloride availa- 
ble water 
(12 experiments) 

1 

Experiment 3 
Sulfocyanide available 
water 

Average sulfo- 
cyanide 
available water 
(12 experiments) 

1 

Chlo- 





Sulfo- 






ride 

Ml./ 

Per 

ML/ ! 

Per ! 

cyanide 

ML/ ! 

Per 

ML/ ! 

Per 

1 

(mil/ 

kgm. 

cent 

kgm. ! 

cent 1 


kgm. i 

cent 

kgm. i 

cent 


kgm. 

organ 

total 

organ 

total 


organ 

total 

organ 

total 


organ) 





organ) 





Blood scrumt 

127.0 1 




Hi 

5.70 


! 



GastrocnemiuB 

10.7 

155 

20.8 

124 ' 

ID 

0.90 

109 

22.0 

162 

21.2 

Biceps femoris 

20.4 

101 

21.2 

132* ! 

mSm 

1.03 

180 

24.2 

137* 

17.9 

Triceps brachii 

19.0 

ISO 

19,6 

133* ' 

17.5 

1.00 

175 

23.1 

134* 

17.7 

Temporalis I 

20.6 

162 

22.0 

153* 

20.0 

1.01 

177 

24.4 

168* 

22.0 

Spinotrapezius 

27.2 

215 

28.2 

200* 

25.0 

1.33 ' 

233 

30.0 

202* 

26.3 

Sternomastoideus, . . . 

41.3 

323 

44.S 

248* 

32.4 

1.80 1 

317 

43.5 

240* 

31.7 

Diaphragm 

63.4 

423 

56.5 

293* 

38.0 

2.70 ! 

475 

03.5 

329* 

42.9 

Ijateral abdominal 











wall muscle 

44.7 

353 

45.0 

351* 

45.7 

1.83 

322 

41.7 

359* 

46.9 

Kectas abdominis ... 

CO.O 

473 

60.0 

375* 

49.0 

2.58 

455 

57.9 

344* 

45.0 

Cardiac muscle 1 

41.0 

322 

42.0 

302 

38.2 

1 1.94 

342 

1 44.3 

329 

41.5 

Liver 

28.7 

227 

31.4 

285 

40.0 






Brain (cerebrum).,. 

34.7 

274 

31.4 

325 

47.8 

0.40 

81 

9.3 

87 

I 10.1 

Duodenum 

50,7 

400 

51.5 

385 

48.0 

1.48 

260 

33.7 

320 

4I.I 

Colon 

57.0 

451 

58.5 

416 

53.2 

2.90 

519 

07.5 

447 

57.1 

Spleen 

52,0 

414 

54.0 

426 

54.4 

2.38 

420 

54.5 

374 

47,8 

Pancreas 

81.5 

042 

84.5 

407 

52.0 

1.92 

330 

44.2 

327 

41.8 

Stomach 

79.2 1 

023 j 

76.6 

543 

08.2 

2.88 

507 

62.0 

467 

58.2 

Lung 

77.0 

007 i 

77.0 

576 

72.6 

2.17 

382 

48.5 

401 

50.3 

Kidney.. 

07.5 

767 

98.5 

580 

75.0 

2.96 

519 

Cfl.O 

447 

57.2 

Skin 

99.5 

785 

115.6 

084 

102.0 

4.52 

703 

117.0 

602 

90.0 


• Average determinations from four experiments. 

t Average chloride 127.0 mM/kgm. eenim. .\venigc sulfocyanide 5.96 mM/kgm. serum. 


apparent when the various organs are separately analyzed and their 
chloride and sulfocyanide available water Amlumes are compared (table 2). 
The volume of water available for the distribution of chloride and sulfo- 
cyanide in a given organ varies somewhat from animal to animal. The 
distribution in the skin indicates a volume available to both of these 
substances equal to the total water content (total water content 67.03 
ml./lOO grams; calculated NaCNS available volume 60.2 ml./lOO gi’ams; 
calculated chloride available volume 68.4 ml./lOO grams). The brain 
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has a chloride available water volume much in excess of that available to 
sulfocyanide. This apparently results from the slow penetration of 
suKocyanide into the cerebrospinal tissue spaces, the water of which 
contains a slightly higher chloride concentration than that of the blood 
plasma. The general inertia of the cerebrospinal fluid to changes in the 
composition of the plasma following infusion is quite clearly demonstrable 

TABLE 3a 


Volume of chloride and sulfocyanide available water following infusion with 

5 per cent glucose solution 


ORGAN 

EXPERIMENT 16 
CHLORIDE AVAILA- 
BLE WATER 

AVERAGE CHLORIDE 
AVAILABLE 
WATER 

(5 experiments) 

EXPERIMENT 15 
SULFOCVANIDE 
AVAILABLE WATER 

AVERAGE BTJLFO* 
CYANIDE AVAILA- 
BLE WATER 
(6 EXPERIMENTS) 

Chloride (mM/ 
kgm. organ) 

c 

C3 

U 

o 

a 

to 

Per cent total 

c 

S3 

o 

Per cent total 

Calculated water* 

Sulfocyanide (mM/ 
kgm. organ) 

c 

eS 

o 

B 

Per cent total 

Ml./kgm. organ 

Per cent total 

Calculated waterf 

Blood serumt 

60.2 






3.50 






Gastrocnemius 

10.0 

167 

21.8 

164 

21.2 

19.3 

1.05 

300 

39.0 

339 

44.0 

24.1 

Biceps fomoris 

11.2 

ISO 

24.0 

169 

21.9 

20.7 

1.01 

289 

37.6 

257 

33.2 

21.4 

Triceps braohii 

13.2 

220 

28.8 

174 

22.5 

23.4 

0.89 

255 

33.4 

336 

43.6 

23.6 

Temporalis 

20.0 

332 

42.5 

240 

31.0 

32.7 

1.53 

438 

56.0 

412 

52.0 

34.4 

Spinotrapezius 

18.6 

309 

40.0 

288 

37.0 

29.8 

1.23 

351 

44.5 

443 

67.1 

30.0 

Sternomastoidoue 

31.7 

626 

66.6 

458 

57.0 

48.3 

2.72 

777 

97.2 

543 

67.7 

47.6 

Diaphragm 

21.1 

350 

43.0 

358 

44.5 

49.5 

1.37 

392 

48.0 

485 

60.5 

62.9 

Lateral abdominal 













wall muscle 

16.0 

276 

35.0 

285 

36.0 

62.1 

1.32 

377 

48.0 

497 

62.8 

53.8 

Rectus abdominis 

22.4 

372 

47.2 

373 

47.8 

64.0 

1.73 

495 

62.8 

458 

58.7 

50.0 

Cardiac muscle 

22.6 

374 

46.7 

365 

44.8 

45.8 

1.67 

449 

55.0 

462 

56.9 

48.8 

Liver 

20.4 

336 

41.6 

364 

46.5 

68.4 







Brain 

35.7 

692 

69.0 

573 

67.0 

35.6 

0.64 

183 

21.3 

220 

25.7 

6.8 

Duodenum 

39.4 

654 

81.1 

565 

70.1 

52.7 

2.70 

770 

94.5 

655 

81.5 

46.0 

Colon 

35.4 

588 

68.4 

650 

78.0 

60.4 

2.86 

819 

95.0 

819 

93.5 

69.2 

Spleen 

37.2 

618 

78.7 

690 

76.9 

43.3 

1.87 

535 

68.4 

563 

73.3 

37.0 

Pancreas 

35.2 

585 

64.2 

825 

91.0 

83.0 

1.79 

511 

66.4 

634 

09.7 

79.6 

Stomach 

39.2 

651 

74.3 

755 

88.0 

78.0 

2.50 

715 

81.8 

563 

65.8 

71.9 

Lung 

34.9 

580 

65.4 

550 

62.7 

85.8 

2.58 

738 

83.0 

768 

87.5 

73.6 

Kidney 

26.2 

435 

51.4 

497 

58.3 

84.5 

1.44 

412 

48.7 

483 

66.6 

73.6 

Skin 

46.2 

767 

110. 0 

763 

101.0 

102.2 

4.22 

1200 

173.0 

980 

130.0 

94.0 


* Obtained from equation 7. 
t Obtained from equation 0. 

t Average chloride 60.8 mM/fcgm. serum. Average sulfocyanide 4.93 mJI/lcgm. serum. 


and will be discussed presently. After the brain, the organs shoving 
the greatest difference between chloride and sulfocyanide available water 
are lung, kidnej'- and stomach. The kidney, under normal conditions, 
excretes very small quantities of sulfocyanide during the first few hours 
folloving injection. The concentration of this substance in the tubules 
must be relatively less than the concentration of chloride and would thus 
give a much lower volume of distribution than would be indicated by the 
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chloride content of the organ. The difference between the sulfocyanide 
and chloride available water in the stomach would indicate that about 
14 per cent of the total chloride of this organ is in some of the gastric cells. 
Manery and Hastings (12) have recently reported the results of separate 
analyses of fundic and pyloric mucosa. They report similarly high 
chloride values for these tissues. Muscles differ a great deal from one 
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Volume of chloride and sulfocyanide available vjalcr following infusion with 
1 per cent sodium chloride solution 
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Gastrocnemius 

25,0 

183 

23.8 

241 

30.7 

27.3 

0.67 

191 

25.0 

229 


31.7 

Biceps femoris 

23.4 

ISO 

23.8 

217 

27.4 

23.4 


207 

25,7 

215 


28.9 

Triceps brachit 

30.7 

225 

29.0 

2.04 

32.3 

29.6 

0.67 

224 

28.9 


31.8 

29.7 

Temporalis 

43. G 

320 

41.0 

345 

43.0 

39.4 

mtmym 

307 

40.2 

329 

41.5 

40.9 

Spinotrapezius 

41.2 

302 



45.8 

36.0 

0.77 

257 

32.6 

340 

43.0 

30.2 

Stemomastoideus . . . 

04. 5 

472 

58.5 

402 

50.8 

52.0 

0.82 

274 

33.5 


50.7 

51.3 

Diaphragm 

52.5 

384 

48.0 

437 

53.4 

53.7 

1.23 

411 

51.6 

382 

40.8 

57.2 

Lat. abd. ■wall muscle 

63.0 

388 

48.8 

392 

49.0 

54.2 

1.17 

392 


410 

61.5 

54.8 

Rectus abdominis . . 

01.4 

^1 

50.0 

470 

59.5 

50.0 

1.22 



462 

58.5 

53.0 

Cardiac muscle 

54.9 

402 

50.5 

435 

53.5 

45.7 

fiiBSM 

331 


308 

45.3 

48.9 

Liver 

38.6 

283 

37.4 

332 

43.7 

52.0 







Brain 

40.9 

300 

34.6 

341 

39.5 

39.2 


220 

25.0 

172 

20.0 

12.3 

Duodenum 

77.1 

504 

09.2 

520 

63.9 

65.0 

1.62 

541 

67.0 

529 

05.0 

48.0 

Colon 

87.0 

637 

75.0 

002 

78.0 


1.73 

580 

08.5 

604 

71.0 

73.0 

Spleen 

52.4 

384 

49.0 

459 

59.3 

■SCI 

1.32 

440 

56.9 

404 

60.0 

43.2 

Pancreas 

100.0 

776 

82.5 

884 

94.0 

86.7 

1.47 

492 

01.2 

409 

50.0 

84.5 

Stomach 

107.0 

785 

85.0 

859 

90.0 


1.78 

593 

73,5 

694 

77.5 

79.8 

Lung 

89.5 

657 

77.0 

725 

84.0 

82.8 

1.27 

425 

50.5 

468 

54.2 

69.0 

Kadncy 

93.1 

681 

79.0 

650 

76.0 

85.8 

1.41 

472 

54.5 

395 

40.0 

75.0 

Skin 

93.0 









904 

111.0 

95.1 


* Obtained Sroin equation 7. 
t Obtained from equation C. 

♦ Average chloride 137.0 mM/kgm. scrum. Average sulfocyanide 4.0 mSI/kgm. scrum. 


another. They may be divided into two general groups, a, the thick 
muscles such as the biceps femoris or gastrocnemius having low volumes 
of distribution which are of similar magnitude from animal to animal, and 
b, the thin muscles having generally quite large volumes of distribution 
which are somewhat variable from animal to animal. In both groups, 
however, the sulfocyanide and chloride available water volumes of normal 
cats are quite similar if not identical. 





























DISTIIIBUTION OF MASSIVE INFUSIONS 


427 


II. The size of the chloride and sidfocyanide available volumes folloumg 
massive infusion of 1 -per cent sodium chloride or 6 per cent glucose solution. 
Water and chloride, infused as a 1 per cent sodium chloride solution, is 
retained for the most part in the chloride and sulfocyanide available (ex- 
tracellular) water. A comparison of the volume of water retained with 
the increase in size of the chloride and suKocyanide available water (table 
4) shows almost complete agreement on the basis of chloride distribution 
and a small but consistent increase in the size of the volume of water 
available to sulfocyanide. Such sulfocyanide values would seem to be 
most reasonabl}?^ explained on the hj’^pothesis that some of the cells become 
permeable to this ion as a result of infusion. Skin is of interest in this 
connection. In the normal animal, chloride and sulfocyanide were found 
distributed through a volume of water equal to the total water content 
of the skin. Follonang infusion with sodium cliloride solution, sulfocyanide 
was present in amounts indicating an average water content of 90.4 
ml./lOO grams whereas the total water content found was only 81.0 ml. 
which suggests a binding of sulfocyanide in some manner by the skin. 
Similar behavior seems likely to a limited extent in the case of some of the 
other organs. 

Following the infusion of large amounts of 5 per cent glucose solution 
the volume of water through which sulfocyanide is distributed is more 
variable. A comparison between the volume of water infused and the 
volume of water available for the solution of sulfocyanide gives values 
which indicate a range of variation from no difference at all to as great a 
difference as 411 ml./kgm. of cat in one instance (table 4). This difference 
was associated vdth corresponding differences in behavior of the various 
organs. . When the sulfocyanide available water is in excess of the volume 
of infused water retained, the individual organs show a corresponding 
increase in the amount of the sulfocjmnide available Avater. It thus ap- 
pears that the permeability of the cell ma 3 ’’ be increased vdth respect to 
the sulfocyanide ion as a result of massive infusions of 5 per cent glucose. 
On the contrary, there is no appreciable increase in the permeability of the 
ceU to chloride as a result of glucose infusions even though the response is 
somewhat more Amriable than in those animals infused vdth 1 per cent 
sodium chloride solution. It can be concluded from chloride analyses that 
the glucose solution infused was confined, for the most part, to the extra- 
cellular compartment of the body. 

A summary of the data obtained by analysis of the various organs follow- 
ing infusion is presented in table 3 a and b. There is close agreement 
between the volume of sulfocyanide and chloride available water for any 
given muscle following infusion with 1 per cent sodium chloride solution. 
The increase in the water content is for the most part confined to the 
extracellular compartment. After infusion with 5 per cent glucose solu- 
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tion, analysis for chloride indicates that most of the increase in v/ater takes 
place in the extracellular compartment. The volumes of sulfocyanide 
available water are somewhat variable and for that reason the averages 
presented maj’- be misleading. In one iastance the injected sulfocyanide 
left the circulation in large amounts and in this instance the available 
volumes Avere much greater in the various muscles than the observed 
increases in Avater aa-ouM indicate. 

Chloride analyses of the liveis of perfused animals suggest that the 
cells of this organ are normally impermeable to the chloride ion. Truax 
(13) has recently reported a comparison betAA'cen the histological extra- 


TABLE 4 

The effect of 5 per cent rjluco&c and 1 per cent sodium chloride infusions on the 
sulfocyanide and chloride available water in cats* 
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2JT7MBEB 

1 

1 

2 i 
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71 
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530 I 

82 

20 

352 
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.34 
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316 i 

104 1 


387 ! 

-24 

408 i 

-3 

2.3 
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233 
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66 
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1 per cent sodium chloride infusion 

16 i 

232 1 
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386 
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56 

404 

18 

17 ! 

327 i 

370 
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5.30 

1 18 

496 

-16 

19 i 
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•584 

72 
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6 

22 
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230 

553 

624 

71 

552 

-1 

24 

462 

264 

.575 

657 

82 

557 

-18 


* All values in milliliters per kilogram of cat. 


cellular space and the chloride aA'^ailablc Avater of the liver of the Avhite rat. 
He finds these to be quantitatiA'ely equal, thus giAung the chloride an 
exclusively extracellular distribution. The calculated increase in the 
AA’^ater in the livers of perfused cats, as.suming all of the increase to be in the 
extracellular water, is in all instances greater than the obseiwed increase. 
Approximately 40 per cent of the water taken up by this organ as a result 
of infusion seems to be taken into the intracellular compartment. Sulfo- 
cyanide analj'ses of the liA'^er could not be performed due to interfering 
colors AA'hich could not be removed. 

The stomach appears to contain intracellular chloride. FolloAving the 
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infusion of 5 per cent glucose solution there is an average increase of 13.2 
ml./lOO grains in the water content of tliis organ whereas the chloride 
distribution would indicate a gain of 23.4 ml./lOO grams. There must 
have been cellular chloride not readily available to the extracellular fluids. 
That the stomach readily takes up sulfocyanide in glucose infused animals 
is indicated by an average available volume of 108 ml. Fluid collected 
from the stomachs of these animals contained sulfocyanide in approxi- 
mately the same concentration as the blood plasma. Following infusion 
of 1 per cent sodium chloride solution, chloride analysis gave an average 
increase in water of 31.1 ml./lOO grams whereas the actual increase was 
only 22.4 ml./lOO grams. Inasmuch as the cells of the stomach take up 
some chloride and sulfocyanide the estimation of the ratio of extracellular 
to intracellnlar water on the basis oi the distribution of these substances is 
not possible. The small and large intestine behave in a manner essen- 
tially similar to the stomach. 

Chloride distribution in the pancreas suggests, as above, that there is a 
small amount of chloride not readily available to the extracellular water. 
It would seem however, on the basis of the distribution of this ion, that 
most of the gain in ivater is in the extracellular compartments. Sulfo- 
cyanide analysis of the pancreas of saline infused animals gives a volume 
approximately one-half that for chloride distribution. This would suggest 
either an increase in water and chloride content of the cells or the existence 
of some extracellular water not readily available to the sulfocyanide ion. 

An accurate analysis of available volumes of the kidney is difficult 
liecause of the uncertain amount of water, chloride and sulfocyanide in the 
tubules. In sodium chloride infused animals however, the increase in 
water content, if confined to the extracellular water, would amount to 15 
ml. whereas the chloride content indicates an average increase in volume 
of only 6.1 ml. Inasmuch as the urine of the animals contained chloride 
in higher concentration than the plasma, the results cannot be explained 
on the basis of a salt poor fluid. There must have been an increase in the 
size of the cellular compartment. 

The spleen did not show an increase in water as a result of infusion. 
This may not correctly I’epresent the conditions in this organ inasmuch as 
asphyxia which causes splenic contractions was used to terminate the 
experiments. However, it is of interest to note that the chloride and 
sulfocyanide content indicates a larger amount of water than was actually 
found present. In the case of 5 per cent glucose infusion this was quite 
marked. The chloride and sulfocyanide concentration of the blood being 
low at the end of infusion irith glucose solution, the difference between 
theoretical and observed values would tend to be exaggerated if these 
substances were not readily available to the extracellular fluids. Here, 
as previously suggested, there is some evidence of “binding” of these ions. 



430 


LANDS, CUTTING AND LARSON 


The cerebrum is of particular interest in that the sulfocyanide available 
water is noi’mally very small (av. 8.7 ml./lOO grams whereas the chloride 
available water is quite large (av. 32.5 ml./lOO grams). The sulfocyanide 
available water is small compared to the total water available, i.e., the 
vascular water and cerebrospinal fluid water. The changes in the sulfo- 
cyanide content of the cerebrospinal fluid do not run parallel to changes 
in the composition of the plasma. The sulfocyanide concentration of this 
fluid is much lower than the concentration in the plasma, mthin the time 
limits of our experiments. This diff'crence appears to result from the 
unique nutritive system of this organ. The low plasma chloride resulting 
from infusion of 5 per cent glucose solution does not materially reduce the 
chloride content of the cerebrospinal fluid. If a large part of the fluids 
of the extracellular spaces of the brain behave like the cerebrospinal fluid, 
values such as reported here are to be expected. The infusion of 1 per cent 
sodium chloride elevates the plasma chloride which in turn causes an 
increase in the chloride content of the cerebrospinal fluid and the cerebrum. 
The chloride excess of the plasma appears to diffuse readily into the chlo- 
ride available water of the brain but verj’’ slowly leaves this water to pass 
back into the blood stream when the chloride concentration of the latter 
is lower. The observed decrease in the sulfocj’^anide available water was 
due, for the most part, to the decrease in the sulfocyanide concentration 
of the blood plasma resulting from infusion. The sulfocyanide which had 
passed into the cerebrospinal fluid before infusion vdth 1 per cent sodium 
chloride is little influenced by the changes in the sulfocyanide concentra- 
tion of the blood plasma resulting from infusion. 

Reference has previously been made to the skin. In a few of the per- 
fusion experiments, edematous subcutaneous tissue Avas dissected away 
and was separately analyzed. This invariably gave a value higher than 
the epithelial layere overljung it. In one glucose infused animal the skin 
was found to have 69.7 ml./lOO grams of chloride available water whereas 
analysis of the subcutaneous tissues gave a value of 102 ml./lOO grams. 
Sodium chloride infusion resulted in .skin values of 91.0 ml. and 95 ml. 
respectively for sulfocyanide and chloride available water Avhereas analysis 
of edematous subcutaneous tissues gave values of 125 ml. and 120 ml./lOO 
grams on the basis of sulfocyanide and chloride content. The high skin 
values obtained would appear to result from the “binding” of chloride and 
sulfocyanide by their subcutaneous tissues rather than by the epithelial 
elements. 

Discussion. Recent studies of the total chloride (2) and sulfocyanide 
(1) available volumes of various species of animals give a nonnal range of 
25 to 45 per cent of the body weight. Our observations on the cat gives 
similar volumes of distribution for these two substances. Comparison 
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of the sulfocyanide and chloride available volumes in the same animal 
indicates a shghtly greater available volume for the latter. This differ- 
ence we believe to be due to “boimd” chloride in some tissues. This 
possibility is suggested by the work of Amberson, Nash, Mulder and 
Binns (3) and more recently by the investigations of Manery and Hast- 
ings (12). 

Several investigator have attempted to determine the extracellular- 
intracellular water ratio for some organs of the animal bodj’- (Harrison, 
Harrow and Yannet (2) chloride available volumes of the rabbit, dog and 
monkey; Wallace and Brodie (11) the chloride and bromide available 
volumes of the dog and the chloride, bromide and sulfocyanide available 
volumes of the various parts of the central nervous system of this animal; 
Manery and Hastings (12) the sodium and chloride available volumes of 
the rat and rabbit). The available volumes reported for any organ agree 
in a general "way ^vith the values here reported for the normal cat and 
suggest a similar distribution of these ions in the mammals studied. In 
some instances values have been given for skeletal muscle or intestine 
without specifying the particular muscle or part of the intestine which 
was taken for analysis. We have found the amount of chloride and 
accordingly the chloride available water of muscles to vary wdely. The 
chloride available water of the duodenum is, on the average, less than that 
of the colon. In the uninfused cat there is reasonably good agi-eement 
between the volumes of water available to chloride and sulfocyanide in 
skeletal muscle. A comparison of the values for these two substances in 
other organs shows similar magnitudes of distribution in all organs except 
the cerebrum. The investigations of Wallace and Brodie (11) suggest 
that a similar difference in available water would be found for the whole 
central ner^mus system. 

A comparison between the volume of water retained and the increase 
in the amount of the chloride available water following infusion of 5 per 
cent glucose and 1 per cent sodium chloride suggests that most of the fluid 
infused is retained in the extracellular compartment but anal 3 ’’sis of indi- 
vidual organs shows that this is not strictly the case. The stomach takes 
up chloride to a greater extent than water in the case of infusion with 1 
per cent sodium chloride solution and does not readily lose chloride after 
infusion with 5 per cent glucose solution. The cerebrum readily gains 
chloride as a result of 1 per cent sodium chloride infusion and very slowly 
loses cliloride when the concentration in the blood is lowered by infusion 
with 5 per cent glucose solution. In neither case does the brain gain appre- 
ciable amounts of water. The skin appears to contain salt and water in 
comparable amounts but separate analysis of the epithelial portion and the 
subcutaneous tissue suggests that the latter is most important in binding 
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both chlorides and sulfocyanide, containing these substances in exceedingly 
large amounts. Manery and Hastings (12) have likewise found that 
connective tissues may “bind” large amounts of sodium and chloride. 
Our data suggest that the thick musclas and possibly the liver most 
nearly have a strictly extracellular distribution of chloride and sulfocyanide 
and that infusion of 6 per cent glucose maj' alter the distribution of the 
latter ion. 


sinuMARy 

1, Chloride and sulfocyanide are distributed through a volume of fluid 
greater than that contained in the extracellular compartment, 

2. These substances are normall}’^ limited to the extracellular spaces of 
skeletal muscle. Chlorides appear to be confined to the extracellular 
compartment of the liver. 

3. There is some intracellular chloride in the stomach, small and large 
intestine, spleen and pancreas. 

4, Chloride and sulfocyanide are distributed through a volume of fluid 
approximately equal to the total water content of the skin. 

5. Infused 5 per cent glucose or 1 per cent sodium chloride solution is 
retained for the most part in the extracellular compartment. 

6, Infusion of 5 per cent glucose may greatly increase the permeability 
of the cells of certain tissues and organs to sulfocj'anide. 

The authors wish to express their gratitude to Mr. George W. M. 
Ferguson for his assistance in carrying out these experiments, 
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The literatui’e concerning the nature of the augmenting or potentiating 
effect of an indirect tetanus on the response of a muscle to subsequent 
single nerve vollej^s is conflicting. Guttman el al. (1) found no potentiated 
response after a direct tetanus in the curarized frog muscle while Brown 
and V. Euler (2) foimd it in cat muscle. The magnitude of the muscle 
action-potential accompan 3 '^ing the potentiated tvitch is less than that 
of the last tvdtch before the tetanus in the normal cat (2) and in the normal 
fowl (4), whereas in the partiallj’’ curarized cat muscle it is greater (2). 
Brown and v. Euler think that in the nomal cat muscle the potentiated 
twitch is the result of increased tension in each muscle fiber and that 
this increase is due to an accumulation of potassium ions outside of the 
muscle fiber as a result of tetanization. On the other hand, thej’’ beheve 

(2) that in the partially curarized cat muscle the potentiated tuitch is 
due to the response of more muscle fibers to the nerve volley and that this 
is due to a mobilization of potassivun at the mjmneiu’al junction. In 
normal fowl muscle the potentiated twitch is hkewise supposed (4) to be 
due to an increased number of muscle fibers responding, but this increase 
is not ascribed to a mobilization of potassium. Rosenblueth and Morison 

(3) and Peng et al. (5) explain potentiation in the normal cat as due to a 
mobilization of potassium at the myoneural junction, but Feng (6) believes 
that in the toad mobilization of acetylcholine brings it about, while Gutt- 
man et al. (1) think that it is due either to acetylcholine or to adrenine. 

It is the object of this paper to attempt to resolve this conflict of inter- 
pretations and more particularly to answer the questions of Bronk and 
Brink concerning post-tetanic potentiation (7, p. 402); “Why a sympa- 
thetic ganglion should resemble a partially curarized muscle and whether 
it is indeed the same ty'^pe of mechanism have not j’^et been determined.” 
This attempt involves a study of the muscle and nerve action-potentials 
simultaneously and a reexamination of potentiation dming curarization 
and in the presence of potassiiun. 

Methods. The sciatic nerve and gastrocnemius muscle of Ra7ia pipiens were 
dissected out in the usual way and placed in a beaker of amphibian Ringer’s solution 
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for from i to 2 hours before using. Sometimes the preparations were kept 24 hours 
in the refrigerator at 3 to 4°C. before using; these preparations were usually less 
excitable than fresh preparations. The action-potentials of the nerve and the 
response to direct stimulation in the latter preparations seemed normal, so that 
apparently the myoneural junction deteriorates more quickly than either the muscle 
or nerve fibers. 

The preparations were then placed in a modified Keith Lucas bath. The modifica- 
tion consisted of a hard rubber block which replaced the end of the bath opposite 
the lever attachment. Five holes, 2 to 3 mm. in diameter and 6 to 7 mm. deep, were 
drilled along the block. The holes were connected by a trough 2 mrn. wide and 3 
mm. deep. The nerve was placed in the trough which was packed with white vaseline 
and the holes were filled with Ringer’s solution. The knee joint was fixed and the 
tendon attached to the lever which was free weighted and which magnified 8 times. 
Mechanical records were made on smoked paper fastened to a spring-driven kymo- 
graph. 

Chlorided silver electrodes attached to plugs in a bakelite panel were lowered into 
the holes in the block. The first two delivered make induction shocks from a corelcss 
coil specially wound. This coil was driven by a special tube circuit which was syn- 
chronized with the sweep circuit of the oscillograph. For direct stimulation of the 
muscle a thyratron circuit was used without any induction coil. Both circuits could 
deliver shocks anynvhcrc from 1 per second to 450 per second. The third electrode 
was connected to ground which got rid of most of the shock escape. The last two 
electrodes were connected to a 5-stage, capacity-coupled amplifier. When the 
muscle action-potentials were also studied, an insulated wire with bared tip was 
inserted into the belly of the muscle and connected to the proximal pick-up electrode 
on the nerve. There was no confusion of the action-potential of the muscle and that 
of the nerve on the screen of the DuMont type cathode ray oscillograph due to con- 
duction time and junctional delay. Sometimes two loads from the muscle were 
used, and then the action-potential was recorded on a Davis-Grass cncephalograph. 

A celluloid plate with ruled lines on it, placed over the face of the oscillograph, 
served to measure the heights of the action-potentials which were recorded in ar- 
bitrary units as seen. The potentials recorded by the cncephalograph were meas- 
ured vdth calipers and recorded in millimeters, as were the tracings of the mechanical 
response w'hich were recorded isotonically. 

Curare was given ad libilwn until curarization was complete as was e\ddenced 
by no response to an indirect tetanus of 30 per sec. Lack of response to single shocks 
does not indicate complete curarization. Potassium was added to the medium 
(40 cc.) bathing the muscle in the form of a 5 per cent solution of potassium chloride. 
Sometimes the 5 per cent solution was diluted with Ringer’s solution before using. 
The solution was added dropwise near the knee-joint. Each drop was about 0.05 
cc. The whole solution was then drained off and replaced by fresh Ringer’s solution. 
Recovery from the effects of the potassium was quite rapid w’hen small quantities 
were used. With very large quantities, the muscle sometimes remained in per- 
manent contracture. 

Results. The action potential of the potentiated twitch. Table 1 and 
figure 1 show that the muscle action-potential accompanying a mechani- 
cally potentiated twitch is greater than that accompan 3 dng the last ttvitch 
before the potentiating tetanus. 

Table 1 reveals two other facte that are important for the understanding 
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of post-tetanic potentiation. First, the twitch-tension of the first twitch 
following the conditioning tetanus {e.g., after tetani 2 and 3) may be 
suppressed although its aceompanjing action-potential is increased in 
compaiison Avith the A’alues before the tetanus. This indicates that, in 
spite of greater excitability of the motor end plates, the muscle fiber is 

TABLE 1 

Therelalionof thelwiich-tension {T) inmillimclers to the magnitude of the imtscle action- 
potential (M) in millimeters as recorded by the electroencephalograph 


Single shocks, 1 per second; conditioning tetani, 30 per second for 5 seconds. 


1 

M j 

T 

1 

1 

T 

j 

i 


B 

■ 

M 

T 




7.0 

16.4 


5.4 

i 4.1 

1 

5.5 

4.0 


t 


7.8 

16.7 


7.0 

1 10.0 


6.4 

7.5 


! 1 


7.4 

14.6 

j 

8.0 

' 10.8 


6.3 

6.0 




7.4 1 

13.9 


7.6 

8.9 


5.6 

4.9 




7.1 

12.4 

1 

6.8 

8.2 


5.1 

4.5 


i 

S i 

6.4 ; 


i m 

5.3 

6.1 

1 2 

4.2 1 

3.6 



5 i 

5.9 

9.8 

i 5 

5.4 

5.5 

I 5 

1 3.6 

3.2 

1 

1 

! 

o : 

5.3 ! 

9.5 

1 

; O 

5.2 

4.7 

1 

o 

( 3.0 

2.5 


1 


5.4 

8.4 

! 

1 



i ^ 



6.9 

8.1 


5.4 1 






i 


6.5 

7.5 






i 




6.9 



4.9 

4.9 

1 

4.0 

: 1.7 


2.9 

1.5 

6.4 

u 


4.9 

4.8 

i 

4.0 

^•7 





b "-f — K- - 

Fig. 1. Single shocks, 1 per sec.: conditioning tetani, 30 per sec. for 5 sec. Po- 
tentials recorded with cncephalograph. 

A. Alonopolar lead, bcllj' of muscle— distant part of bath. Untreated muscle 
not greatly fatigued. 

B. Bipolar leads, belb'-tendon. iMuscle had previously been treated with po- 
tassium, but the solution had been drained and its effect had passed off 5 min. before. 

unable for a short time mechanically to respond. And second, after a 
tetanus the magnitude of the first muscle action-potential is regularly 
less than the magnitude of the second. A simultaneous examination of 
the accompanying nerve action-potentials shows that after the conditioning 
tetanus the number of nerve fibers responding to the single shocks is 
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reduced; this accounts for tlie difference lietween the first two muscle 
action-potentials. 

Suppression. If the conditioning tetanus is of relatively high frequency 
and long duration, or if the strength of the test-.shock is relatively low, so 
few nerve fibers will respond to the test-shock that the electrical and 
mechanical re.spon.se is less than before the conditioning tetanus or it 
may disappear entirely. This is called post-tetanic suppi-ession or junc- 
tional inhibition and it is sometimes attributed to the deprc.s.sant effect 
of a chemical mediator which has accumulated in large quantities (e.g., 
5, 6). However, as in figure 2, every case of “.suppro.s.sion” except 
when the muscle is complctelj’^ fatigued (as shown b}-^ absence of 
re.spon.se to a direct stimulation or failure to recovei' with rest) 



Fig. 2. Fre.sh, untreated preparation. Single shocks, 1 per sec.; conditioning 
tetanus, 30 per sec. for 30 sec. At SUB, shocks were made submaximal. After the 
tetanus the mechanical response was reduced 85 per cent, and the nerve action- 
potentials 70 per cent. At SUPER, the shocks were made supramaximal, the me- 
chanical response and nerve action-potential becoming normal. At SUB, the shocks 
were made submaximal again. The mechanical response increased with the increase 
in the nerve action-potential. 

can be overcome bj”^ rai.sing the strength of the testing shock delivered 
to the neiwe until the oscillograph shows that as manj-^ nervm fibers are 
re.sponding as did before the conditioning tetanus. 

A nece.ssar 3 ' condition for obtaining po.st-tetanic potentiation is that 
the tasting shocks must be strongly supramaximal, for if the .shocks are 
relatively weak and the conditioning tetani fairl}*^ fast and long, variations, 
up to and including extinction, appear in the picture of potentiation. In 
each case, oscillographic examination of the nerve fibers showed that this 
was due to the failure of some or all of the ner\m fibers to re.spond on ac- 
count of the raised threshold accompanying the period of po.sitive after- 
potential which follows the tetanus (8). This is undoubtedlj" also the 
e.xplanation of results obtained bj' Guttman el al. (1) and Brown and v. 
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Euler (2) ; the latter authors merely say that it is “an additional factor” 
coming into play. 

The effect of curare on poteniiaiion. Brown (2) claims that it is possible 
to obtain potentiation of the same order of magnitude in the curarized 
preparation as in the normal. Guttman et al. (1), on the other hand, 
reported that they could not. A confirmation of one or the other of these 
reports is of paramount importance in deciding whether post-tetanic 



Fig. 3. Curare administered before A . Until the beginning of A, the same amount 
of potentiation was obtained by indirect stimulation as by direct. Single shocks, 
1 per sec. ; conditioning tetani, 30 per sec. for 5 sec. 

A. D stands for direct stimulation, and I for indirect stimulation. B. For the 
third and subsequent direct tetani the voltage was doubled during the tetani. C. 
Between B and C there was a minute rest. The voltage was raised for the direct 
tetanus. 

potentiation is a function of the myoneural junction or of the the muscle 
fiber. 

When an indirect tetanus of 30 per sec. for 5 sec. still produces a me- 
chanical response of the muscle, figure 3A, that is, when it has a decu- 
rarizing action, it is possible to obtain post-tetanic potentiation by direct 
stimulation, and this potentiation is of a magnitude comparable with 
that obtained by indirect stimulation. Another point to notice in figure 
3A is that although the muscle responded to indirect tetani it did not 
respond to single shocks before the tetanus; it did afterwards due to the 
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decuvarizing effect of the tetanus. This direct potentiation was undoubt- 
edl}’' due to the effect of the direct stimuli on the nerve endings or motor 
end-plates of the muscle, for when, as in figure 3B, there was finally no 
decurarizing action of a supi’amaximal indirect tetanus, no potentiation 
was obtained with direct stimulation. 

In some cases it was possible to obtain an augmentation of the response 
to single direct shocks after a tetanus but only under certain conditions 
such as raising the voltage during the conditioning tetanus or rest. How- 
ever, this augmentation did not alwaj'S appear even rvhen these conditions 
were fulfilled, cf. figure 3C where the preparation was both rested and the 
voltage of the tetanus raised with negative results. When the augmenta- 
tion did appear, its magnitude never e.xceeded 25 per cent and it rarely 
lasted for more than 10 sec. This is very much below the normal range 




Fig, 4. Fatigued preparation, previouslj’^ untreated. Single .sbock.s, 1 per sec.; 
conditioning tetani, 30 per sec. for 5 sec. At K, the concentration of potassium in 
the bath (.50 cc.) was raised .50 times. .At It, this solution was drained and replaced 
bj' fresh Ringer’s solution. 

of increase in ten.sion (.500-1000 per cent) and of the persistence of the 
increase (20-60 sec.) obtained in untreated preparations bj" stimulation 
of the nervm. 

If excitability of the motor end-plates was depressed b 3 ' fatigue instead 
of b 3 '^ curare, the veiy .same results were obtained with direct stimulation, 
nameh’^, at an 3 ^ one time the magnitude of potentiation was the same for 
both direct and indirect stimulation, and when the m 3 mneural junctions 
failed to re.spond to indirect .stimulation, no potentiation e.xcept under the 
conditions described above was obtained ^nth direct stimulation. The 
onh' difference between fatigue and curare was that the effect appeared 
more quickly with curare. 

The effect of 'potassium on post-tetanic potentiation. Figure 4 .shows that 
when the concentration of pota.ssium was raised 50 times in the medium 
bathing the muscle, potentiation could still be obtained after a condi- 
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tioiiing tetanus, although this potentiation was less in magnitude and 
duration than those before and after the administration of the potassium. 
By adding the potassium slowly, only a shght contracture was produced 
which did not obscure the loss of irritabilitj'. When added in this way, 
the potassium had a curariform effect, but nevertheless, as figure 4 shows, 
the tetanus still had a slight decurarizing effect. 

'SWien potassium was added suddenh’- onl 3 ’^ two effects, if an 3 ^, on po- 
tentiation, irrespective of the amount, were ever found: first, when moder- 
ate amounts were given there was a decrease in magnitude and duration 
of the potentiation. And second, if contracture was produced, as it was 
when large amounts of potassium were given, the potentiated twitches 
rose above the level of the contracture in such a wa 3 ’^ that from the point 
of view of the crests of the twitches, an ordinar 3 '^ potentiation picture was 



Fig. 5. Fresh, untreated preparation. Single shocks, 1 per sec.; conditioning 
tetani, 30 per sec. for 5 sec. 

A. Normal potentiation in slight^' fatigued preparation. B. Between A and 
0.1 cc. of a 5 per cent solution of KCl was added to the bath (50 cc.). Potentiation 
picture is typical of middle fatigue. C. At K, 1.0 cc. of a 5 per cent solution of KCl 
was added. At R, this was drained off and replaced bj' fresh Ringer’s solution. 


obtained, figure 5B and oC, although when the absolute height of the twitch 
above the contracture level was measured, there was no potentiation. 

All the experiments that tve have done show either a slight decrease in 
magnitude and duration of potentiation, or none as in figure 5B, or a 
contracture Avhen potassium is added, but there was never an 3 ’^ enhance- 
ment of the magnitude or duration of potentiation on the addition of 
potassium. Brown and v. Euler (2) also found that potentiation was 
never affected when potas.sium was injected into the artery during the 
conditioning tetanus (intact cat preparation). 

Table 2 shows the effect of potassium on the twitch-tension and muscle 
action-potential. The twitch-tension fell graduall 3 ’' until a suppression 
of 17 per cent developed; about the 70th twitch the tension was again 
nonnal. On the other hand, the muscle action-potential fell to about 75 
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per cent of its original value, and this fall bore no relation to the decrease 
and subsequent increase in tension. With smaller doses potentiation 
of the twitches instead of suppression was obtained, confirming Wilson 
and Wright (12), 

Discussion. If a muscle is partially fatigued by indirect stimulation 
with single maximal vollej'S or artificially fatigued by partial curarization, 
a rise in threshold of some of the motor end-plates of the muscle fibers 
results so that these no longer respond to .single volle 5 ^s. In axons Erlanger 
and Blair (19) have termed an analogous appearance of subnormal ex- 

TABLE 2 

The effect of ’potassium on the twitch-tension (T) in millimeters and action-potential of 
the muscle {M) in millimeters as recorded hy the electroencephalograph 

Rate of .stimulation, I per seeoncl; 0.5 cc. of .a 5 per cent solution of KCl was 
added. 


H i 

1 

T 

HKMAUKS 

8.5 

40.3 


8.3 1 

8.2 : 

.39.5 

4j.i 

Potassium added 

6.9 

.39.5 


6.8 

37.5 


5.4 

i 37.0 


4.5 

34.3 


4.1 

.35.0 


3.9 

' ,34.3 


3.7 

1 ,33.7 


3.5 1 

.33.2 

! 

2.5 ! ,33.4 I 

2.4 ! .35.0 j 
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1.9 
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1.9 
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citability “disbandment.” There is reason to suppose that the two phe- 
nomena are similar, because if a succe.ssion of nenmus impulses ai’rives 
at these disbanded end-plates closely enough together, as during a tetanus, 
the muscle fiber will finally contract. The reason for this is that each 
blocked impulse rai.ses the e.xcitability of the end-plate until one impulse 
finalb’’ becomes effective. In axons this proce.ss of facilitation bj' a train 
of subthreshold stimuli is called “recruitment,” and it was demonstrated 
at an anode block by Erlanger and Blair (19) and at the stimulating elec- 
trodes during a period of after-positivity vith accompanjdng subnormal 
excitability by Gasser (20). Evidence is as yet lacking to .show that the 
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motor end-plate is in the same physico-chemical state when fatigued as 
is the axon during the conditions just mentioned. 

After a disbanded muscle fiber has been recruited in this manner during 
a tetanuS; its enhanced excitabilit3'^ maj’- persist for from 20 sec. to 1 min. 
after the end of the tetanus — in frog muscle at least. Now although this 
phenomenon has no analogj’' in axons, it does have one in autonomic 
sjmapses. Larrabee and Bronk (11) showed that in the stellate ganglion 
the degree and duration of facilitation is increased bj’" repetitive stimula- 
tion; for example, a short tetanus increased the response to a submaximal 
vollej'" 4 to 5 times, and this enhanced excitability persisted for about 
60 sec. 

Thus potentiation involves recruitment of muscle fibers from a reservoir 
of idle muscle fibers set up bj’- fatigue of the end-plates or, artificiallj'-, by 
partial curarization; this recruitment occurs during tetanic stimulation. 
Potentiation also involves the persistence of the enhanced excitability of 
the end-plates for a relativelj’’ long period after potentiation is over. 

This view is consistent vdth the fact that potentiation cannot be ob- 
tained bj-- direct stimulation when the muscle is completely curarized 
(c/. also 1). That is, potentiation is a mj’-oneural process, not a function 
of the muscle fiber itself, as Brown (2) claims. His results were probablj'’ 
due to incomplete curarization as he did not use tetani to test for curariza- 
tion (c/. 3). It is also consistent with the fact that the results of alternate 
direct and indirect stimulation during normal fatiguing of the myoneural 
junction were identical with those obtained with curare. This indicates 
that curarization is an artificial “fatiguing” of the myoneural junction 
(c/. 10) and also that post-tetanic potentiation is the identical phenomenon 
in both circumstances. Potentiation, it is known (1), cannot be obtained 
in the normal frog muscle when unfatigued; it can be obtained in the fresh 
fowl muscle where some end-plates normallj' never respond to a maximal 
single vollej^ Brown (4) saj^s that potentiation in the latter case is like 
that of the partialty curarized cat muscle Avhere the increased tension is 
due to an increased number of fibers responding to the nerve volley. 

Still further support is found in the fact that in the frog at least the 
muscle action-potential accompanjdng the potentiated tvitch is increased 
while that of the nerve is decreased when compared with those accompan}^- 
ing the last twitch before the conditioning tetanus. This means that, 
although fewer motor units respond to the testing shock after the tetanus 
due to the raised threshold of the nerve fibers which accompanies the 
positive after-potential produced bj’’ the tetanus (8), more muscle fibers 
are excited to contract within the motor units that do respond, thus pro- 
ducing an increased twitch tension. 

This is confirmed by the direct findings of Asmussen (9) who found 
that not all the muscle fibers in a motor unit respond to a single volley; 
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during a tetanus, however, tlie number of active end-plates increased 
steadilj' until fatigue set in. The fatigue ina}’- be end-plate fatigue (the 
“all-or-none” response) or fiber fatigue (the "graded” response); in the 
isolated nerv^e-muscle preparation he observed that end-plate fatigue 
inteiwened first. 

Chemical versus clecArical Iheory of polentiation. Chemical. Because 
of the rapidly destmetive action of choline esterase, acetylcholine cannot 
be the cause of relatively long-enduring potentiation (2). Instead a 
mobilization of pota.ssium at the m3'oneural junction is believed to cause 
potentiation because the effects of injected potassium on .single twitches 
mimic the effects of tetani (2, 3, 5). There are several facts, however, 
that militate against this. Fenn (13) concluded that either no potas.sium 
left cat neiA^e fibers during tetanization or else that it returned so rapidly 
that his methods of anah'.sis were unable to detect its escape; the tetani 
he used were much faster and longer than ordinary potentiating tetani. 
We found, and Brown (2) did also, that no combination of tetanus and 
administered potassium had an.y effect on the duration and magnitude of 
post-tetanic potentiation. An exce.ss of potassium suppre.sses the me- 
chanical response of .single twitches; a prolonged, high frequenc.y tetanus, 
howeyer, exerts its effect on the neiwe and not at the myoneural junction 
(c/. fig. 2). In large doses pota.s.sium .seems to have a curarifonn effect, 
5"et a conditioning tetanus still evokes potentiation (cf. fig. 4). If potas- 
sium were mobilized at the mjmneural junction during the tetanus, a still 
further depre.ssion of excitabilitj' would be expected. Finalh', we agree 
with Brown’s (1.5) conclusion that injected potassium c.xerts its augmenting 
effect on .single twitches b}' acting on the contractile mechani-sm of the 
muscle fiber (“graded” respon.se) and not at the mj'^oneural junction, the 
site of the potentiating effect of a tetanus. 

Electrical. Erlanger (16, 19) points out the similaritj' of the time- 
course of changes in excitability after a .subthre.shoId stimulus at the 
muscle s^mapse (c/. 10), at a block in the axon, at the stimulating electrodes 
on axons, and at the sjmapses of motoneurons. This leads him to believe 
that “the common denominator obviou.slj’’ is electrical,” that at an artificial 
.sjuiap-se in an axon, and also bj'^ inference, at a natural .s3map.se, the action- 
potential spike acts as an electrical .stimulus to the ti.ssue be3mnd (19), 
and that the chemical theory of transmi.s.sion does not explain the facts (1 6). 

That this is the explanation of the recruitment phase of potentiation 
is supported bv- the fact that the times for the latent addition (10) of two 
.subthre.shold impulses at the frog mascle .s3map.se (optimum, 4 msec.; 
maximum, 70 m.sec.) fit fairl3' well with potentiating frequencie.s, for 
example, the lower limiting frequenc3’’ for the frog is around 10 per sec. 
(1). The optimal frequenc3', however, is given as 30 per sec.; this di.s- 
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crepancy is due to the fact that higher frequencies produce a subnormal 
excitaliility in the nerve, which prevents the appearance of potentiation 
(c/. fig. 2). With strong test shocks, however, we have observed potentia- 
tion Awth tetani of 100 per sec., and Feng et al. (5) reported it ^vith tetani 
of 240 per sec. Katz (14) showed that a subthreshold cathodal current 
to the region of the myoneural jimction could facilitate a blocked nervous 
impulse and that the facilitation curve was the same as that for latent 
addition. This facilitation is obtainable “after the withdraival of a direct 
electrical stimulus,” and, therefore, in his opinion, it is due to the sub- 
sidence of the local excitatory effect of the stimulus and not of a transmitter 
substance. The rate of subsidence of the local excitatory effect which 
outlasts the nervous impulse is characteristic of the alpha excitability of 
muscle (21). The local excitatoiy effect can be observed at the m^mneural 
junction as it produces electrical changes whose time-course differs from 
those associated vath the propagated disturbance (17). There is no 
evidence that this local effect is due either to acetylcholine (18) or to po- 
tassium (15). Nor is there any evidence that the prolonged enhanced 
excitability lasting as long as 1 min. following the tetanus is due to a 
persistence of potassium at the myoneural junction. 

The question of Bronk and Brink, quoted at the beginning of this paper, 
maj’’ be answered bj’- saying that potentiation in the normal sjonpathctic 
ganglion resembles potentiation in the normal muscle as well as the 
partially curarized, and that, further, it seems likelj' that the mechanism 
is the same in both. 

SUMMARY 

The problem of post-tetanic potentiations was studied in the isolated 
frog sciatic-gastrocnemius preparation. The muscle and nerve action- 
potentials and the twitch-tension were observed simultaneously. Par- 
ticular attention was paid to the effect of curare and potassium on po- 
tentiation. 

Potentiation was not obtained in the completely curarized preparation 
by direct stimulation. It Avas obtained in the partly curarized prepara- 
tion. Normal fatiguing of the myoneural junction gave the same results 
as curare did. 

Potentiation Avas obtained after the administration of depressing doses 
of potassium. Potassium never enhanced the potentiating effect of tetani. 

The muscle action-potential accompanjnng the potentiated tAAdtch Avas 
greater than that aecompan3dng the tAAotch preceding the conditioning 
tetanus. The nerve action-potential after the tetanus Avas usuallj’- de- 
creased. 

Suppression of the muscle response after a prolonged tetanus Avas due 
to a decrease in the number of neiwe fibers responding to the test-shock. 
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This suppression could be overcome by raising the strength of the test 
shock. 

Tlicse results were discussed in the light of current e.xplanations of 
potentiation which were found to be inadequate. It was concluded that 
potentiation was the same in the partly' fatigued frog, partiallj'^ curarized 
mammal, and normal fowl muscle and that it was due to the facilitating 
effect of blocked nerve impulses and an enhanced local excitatory state 
persisting at the motor end-plates after tetanization. It was suggested 
that since others have .shown the inadequacy of the chemical theory of 
neuromuscular transmission in explaining these events, a chemical ex- 
planation of post-tetanic potentiation is also inadequate. 

We would like to thank Prof. H. S. Liddell for advice and encouragement 
during this research. 
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Exposure of animals to oxygen at high pressure induces changes which 
involve smooth muscle tissue. The reaction in this tissue might conceiv- 
ablj’’ arise as a result of a disturbed carbon dioxide transportation by the 
blood or as a result of a more direct effect of high oxygen on tissue. In 
either case the exact mode of action could be one or several of a possible 
great variety. The experiments herein reported ivere undertaken then 
with a number of questions in mind : First, are the effects of high oxj’^gen on 
smooth muscle necessarily dependent on central nervous or hematogenous 
connections? Second, if these effects can result from a peripheral influence 
of high oxygen is such influence mediated through intrinsic nerve endings, 
or are thej^ due to a ‘^direct” action on the effector itself? Third, what is 
the nature of this direct action? 

The smooth muscle investigated was that obtained from the gastro- 
intestinal tract of a raljbit freshly killed bj’’ a postcephalic blow by hand. 
The gut was removed, its lumen gently rinsed, and suspended in a bath of 
Tyrode solution vithin a pressure chamber. This bath was continuously 
bubbled with pure oxj'^gen saturated with water vapor and warmed to 
37.5°C. An isotonic optical lever was used to record the rhythmic con- 
tractions and changes in tonus. Longitudinal duodenal and p 5 doric 
sphincter tissues were studied. 

Results and discussion. Duodenum. Exposure of longitudinal 
duodenal muscle to oxygen at 75 pounds’ pressure resulted in a progressive 
decrease in tonus. This decrease became evident in some experiments 
within 20 minutes and invariably was very pronounced in all, one hour 
after cessation of compression. The regular rhythmic contractions, which 
at atmospheric pressure recurred at a frequency of 14 per minute, were 
replaced by contractions of irregular amplitude. Frequently, and espe- 
cially so in the longer exposures, the amplitude of the rhythmic contrac- 
tions dimini.shed so that for short inteiwals there was complete cessation of 
rhythmic contractions. Not onlj-- was the amplitude diminished b}' high 

* These experiments were supported by a grant from the Rockefeller Foundation. 

- Preliminary report: Am. J. Physiol., Proc. 126: p. 437, 1939. 
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oxj^gen but also the frequency was decreased. In the more prolonged 
exposures there appeared a gradual development of recurrent spasmodic 
changes of tonus. These recurrent tonic changas interspersed by periods 
of relative quiescence increased in severity as the pressure Avas maintained 
and continued on into the early stages of decompression. 

Decompression to atmospheric pressure was invariably followed bj' a 
reversal of these compression effects. The long spasmodic wave.s in tonus 
gi-aduallj' gave waj' to a steady tonus level which in many instances Avas 
appreciably higher than that obtaining preceding compre.ssion ; the fre- 
quenej’’ of rhAThmic contractions returned to normal; the amplitude be- 
came regular, but AA’ith feA\' exceptions A\'as smaller than that preceding 
compression. A second exposure of the tissue to high oxygen AA'as at- 
tended by an earlier onset of effects essentially similar to those recorded 
in the first exposure; the recoA’’eiy on the second dccompre.ssion, hoAA'CA'er, 
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Fig. 1. The efTcct.s of oxj'gen at high pressure on a longitudinal duodenal strip 
(rabbit) in T 3 'rode solution. Time of day is indicated above each recording. C 
indicates compre.ssion of oxj’gen to 7.5 pounds’ pre.ssure; D indicates point of de- 
compression to atmospheric pressure. 


Avas less complete than that folloAving the first exposure. Typical results 
deriATd from an experiment in AA’hich a longitudinal duodenal .strip AV’as 
employed are shoAAm in figure 1. 

The tonus changes AA’hich occurred in a control duodenal strip exposed to 
oxj'^gen at atmo.spheric pressure and those induced in a similar preparation 
by exposure to high oxygen pressure are contrasted in figure 2, part 1. The 
earlier onset of effects in successhm cxpo.sures as aa'cII as the .sloAver and less 
complete recoA'^erj^ on decompression from .s-uccessive exposures aie aa'cII 
illustrated in this graph. The overshooting of the precompression tonus 
leA'el on decompression (see fig. 1) appears from this gi’aph to be a rapid 
resumption of the progressiA’ely increasing tonus obtaining before the first 
compres.sion. This interpretation is .supported by the practical coinci- 
dence of the control curv’e AA'ith that of the test. The changes in amplitude 
of the rhythmic contractions of these same control and test preparations, 



RESPONSE OF SMOOTH MUSCLE TO HIGH OXYGEN PRESSURE 447 


the tonus changes of which are shouTi in part 1, are plotted in part 2 of 
figure 2. 

These results clearlj' indicate that oxj'gen at high pressure can iiro- 
foundly affect isolated smooth muscle and that the reaction of this tissue in 
animals exposed to high oxj’gen pressure is not necessarih* dependent upon 
nervous connections to the central nervous s3'stem, or upon hematogenous 
connections to remote sources of humoral substances such as adrenalin, or 




Fig. 2. Part 1. In tlic upper curve (dot and dash) the change in tonus (relaxed 
length) of a strip of rabbit duodenum exposed to oxygen at atmospheric pressure in 
Tyrode solution is plotted against time in hours on the abscissa. 

In the lower curve the changes in tonus induced in a similar preparation (from the 
same animal) by exposure to oxygen at 75 pounds’ pressure. The dotted line repre- 
sents tonus during exposure to oxygen at atmospheric pressure: the solid line repre- 
sents tonus during exposure to oxygen at 75 pounds’ pressure. C and D indicate the 
points of comjjrcssion and decompression respectively: C' and D' the same for a 
second such exposure. 

Part 2. These curves show the changes in amplitude of the rhythmic contractions 
of tlie i)reparations whose tonus changes are shown in part 1. 

Oil an upset in the carriage of carbon dioxide by the blood. It is recog- 
nized, however, that in an animal poisoned b.v high oxt'gen. the mediation 
of some effects over neiwou.s and hematogenous connections to peripheral 
structures does occur a.s a result of the hypercaimia which ari.ses from a 
disturbed function of hemoglobin in carbon dioxide transportation. 

It is conceivable that the re.sponse of isolated smooth muscle to oxygen 
at high j)rc.s.sure might be due to some action of oxygen on intrinsic nerve 
lilexuse.s, nerve endings or the effector cells thcmselvc's. The precise 
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evaluation of the possible contributions by these structures to the final 
response is a difficult problem especially if “there is no drug which has on 
plain muscle an action clearly comparable with that of curare on striated 
muscle in paral 3 ’’zing the nerve endings” (Evans, 1926). However that 
maj^ be, if intrinsic nerve plexuses and endings do plaj' an intermediate 
role in the production of the high oxj'gen effects we should expect that such 
effects would simulate those elicited by neurohumoral substances such as 
adrenalin and acetylcholine. Experiments were therefore performed in 
which various dilutions of adrenalin and of acctjdcholine were added to 
the Tyrode baths of fre.sh duodenal ti.ssue. In each instance the response 
of the muscle to either of these substances ivas so veiy di.ssimilar from the 
high ox 3 'gen response as to indicate that if the intrinsic nerves or their 
endings are affected by high oxj’gen thej”^ do not mediate anj’' effects via 
these neurohumoral substances. 

Pyloric sphincter. The possibility that the endings of the S 3 'mpathetic 
and paras3’’mpathetic supph’’ to the p3dorus ma3’' not alwa3'S have motor 
and inhibitory functions identical with the corresponding endings in the 
duodenum, suggested that further infoirnation conceming the possible 
involvement of intrinsic nerves in oxygen poisoning of isolated tissue might 
be uncovered by a study of the effects of oxygen at high pressure on pyloric 
sphincter muscle. Experiments were therefore carried out in which the 
procedure was essentiall 3 " the same as that emplo 3 "ed in the experiments 
on the duodenal ti.ssue. It was found that raising the oxygen pre.ssure 
from atmospheric to 75 pounds induced a fall of tonus and that decompres- 
sion to atmospheric pressure was followed 1 ) 3 ’^ a return of tonus to the pre- 
compression level, effects similar to those recorded from duodenal strips. 
T 3 ’pical results of these pyloric .sphincter experiments are shomi in figure 
3 (I, II, III) where tonus (relaxed length) is plotted against time in minutes. 
Similar treatment wdth air failed to alter the tonus and so rules out the 
possibility that the effects produced b 3 ’' ox 3 'gen at high pressures are due 
to pressure alone. A subsequent expo.sure of the same tissue to o,x 3 ’^gen at 
75 pounds’ pressure gave effects (graph III) essentially similar to those 
induced by the first exposure to high oxygen. If then it be assumed that 
the functions of nenm endings in the p 3 dorus are not identical with those in 
the duodenum, the .similarit 3 ^ of action of ox 3 ’^gen at high pressure on these 
two tissues w'ould indicate a non-involvement of the intrinsic endings. 

If we assume that the para.S 3 '^mpathctic endings are inhibitory to the 
P3doric sphincter and that this inhibitor3'^ influence is accomplished through 
a liberation of acet 3 dchohne the question arises; Does the decrease in tonus 
of p 3 doric sphincter muscle which occurs during its exposure to high oxygen 
pressure depend upon a stimulation of para.S3’'mpathetic nerve endings and 
a release of acet3dcholine? So in another attempt to answer this question 
of intrinsic neiwe ending involvement in oxygen poisoning, atropine was 
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used. Now although atropine might not be expected to completely 
paralj’^ze paras^TOpathetic action (due perhaps to mtracellular nerve end- 
ings, Cannon and Rosenblueth, 1937) one may justifiably expect that it 
would at least diminish extracellular parasympathetic influence. Several 
experiments were therefore performed in which the Tjaude bath of sphinc- 
ter preparations was atropinized previous to their exposure to high oxygen 
pressure. Such treatment did not alter the effectiveness of high oxygen in 
decreasing the tonus. Similar atropinization of longitudinal duodenal 
strips likewise did not alter the response of this tissue to high oxj’gen 
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Fig. 3. Pyloric sphincter muscle. I. Tonus change as elicited by oxygen at 75 
pounds’ pressure. II. The tonus of the same tissue exposed to air at 75 pounds’ 
pressure. III. Tonus change in the same tissue as a result of a second exposure to 
oxygen at 75 pounds’ pressure. The duration of exposure to increased pressure of ^5 
pounds is indicated by the solid line portion of each curve. The broken line indicates 
exposure to oxygen (or air II) at atmospheric pressure. C and D indicate compres- 
sion and decompression respectively. 


pressure. Wliile the results of these atropmization experiments do not 
offer conclusive evidence they do lend support to the belief that para- 
sympathetic endings or parasympathomimetic substances are not essential 
intermediaries in the oxygen poisoning of isolated smooth muscle. 

Cyanide, low oxygen. In oxygen poisoning of the circulated animal there 
occurs a decrease in oxygen consumption (Bert, 1878; Hill and Macleod, 
1903; Bean, 1931). This is due in part to an increased acidity arising from 
a disturbed carbon dioxide transportation but apparently there is a second 
factor contributing to the lowered oxj'^gen consumption, viz., a poisoning 
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of respii-al-oiy cnz.yine.s by the liigh oxygen pressure. One would expect 
this enzyme poisoning to be operative also in isolated tissues exposed to 
high oxj^gen and the question arises of whether the lowering of ox 3 ’^gen 
consumption consequent upon such enz^'me poisoning might not play a 
verv significant role in the induction of those reactions seen in the tissue 
exposed to ox.vgen at high barometric pressure. In light of the possibility 
that the effects of o.xj^gen poisoning might be attributed, in part at least, 
to the lowered ox\'gen utilization, a comparison of the effects of high 
ox.vgcai on these tissues, vdth those effects pi'oduccd ly cj'anide and by 
low ox\'gcn, is of esjiecial interest. 
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Fig. A. The efTect.s of .sodium cyanide in liigh concentration on isolated longi- 
tudinal duodenal muscle of the rabbit: part 1, administration of C 3 'anide (CX.) 
to give ultimate concentration of 1:5000 in Tj'rode solution bubbled with oxj'gen 
at atmo.spheric pressure; part 2, 7 minutes after administration; part .3, 15 minutes 
after administration; part 4, 30 minutes after administration and beginning of com- 
pression of o.Nwgen; part 5, after 50 minutes’ exposure to oxj'gen at 75 pounds’ pres- 
sure; part 6, 2 hours after dccompre.ssion to atmospheric pressure. 

To investigate the effects of cyanide on the .smooth muscle under our 
experimental conditions, sodium cj-^anide was added to the oxj'genated 
Tju’ode bath in amounts sufficient to give an ultimate concentration of 
1 : 1 ,000,000 or greater. Such procedures induced a fall in tonus and a 
decrease in frequency' and amplitude of the rhjdhmical contractions of 
longitudinal duodenal ti.ssue. In concentrations greater than 1:60,000 
there occurred prolonged periods during which the rhcrihmical contractions 
were absent, interspersed bj' .spasmodic waves of increased but unsustained 
tonus — effects which were essentialh’’ similar to those recorded in the more 
prolonged exposure to high o.xj’^gen pressure. The characteristic action 
of sodium cyanide in the higher concentrations on the longitudinal duodenal 
strip is shown in figure 4. The low tonus, the relative quiescence and ir- 
regulai’itj' of the rhjrihmic contractions interspersed b}^ recurrent spas- 
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modic waves of increased tonus are features typical of the response of 
duodenal longitudinal muscle to oxj’-gen at high pressure. 

It is generally agreed that the action of , cyanide on living tissue is due 
to the lowered oxygen utilization. Nevertheless a stud}’' of the effects of 
administering low percentages of oxj^gen on these tissues at atmospheric 
pressure is of interest here because unlike the cyanide effects, the responses 
induced bj’’ low oxygen administration are not dependent upon the poison- 
ing of respiratory enzymes. A gaseous mixture of low oxygen (5 per cent) 
and nitrogen (95 per cent) pre\dousl3'’ warmed and saturated mth water 
vapor was bubbled at atmospheric pressure into the T3Hode bath of a 
fresh strip of duodenal tissue. This gaseous mNtm-e gave no significant 
alteration either in tonus or in the rhjdihmic contractions of the tissue. 
Gas mixtiu'es of 3 per cent oxj’-gen and 97 per cent nitrogen, however, 
mduced a response which duphcated that induced bj’’ cj’^anide or high 
oxygen pressure. The administration of pure nitrogen brought about a 
more rapid onset of the same response and magnified the characteristic 
features. These results not only provide a comparison of low oxygen 
percentage effects vdth those of cj’-anide and high oxi-^gen pressure but thej’- 
also emphasize the vide margin of safety — so far as ox3'^gen suppl3’- is 
concerned — ^within which the intestinal muscle in vivo functions under 
normal conditions. 

Hyperoxic anoxia. The results presented thus far bring us to the be- 
lief that, while enz3Tne poisoning by liigh oxygen could conceivably lead 
b3’’ devious routes to a variet3'- of changes in the tissue, all of which might 
contribute to the response of smooth muscle described above, the arresting 
similarity between the effects on isolated smooth muscle, of sodium cyan- 
ide, of low percentage of oxygen at atmospheric pressure and of oxygen at 
high barometric pressure is based on some underlying factor common to 
all three conditions and it appears this common factor is an anaerobic 
metabolism. In ox3’'gen poisoning it would seem we have a paradoxical 
relationship in which a superabundant supply of oxygen gives rise to effects 
induced b3’' ox3’'gen want — a relationship which ma3’’ perhaps be best 
described as a h3Tieroxic anoxia. In view of such probability it is not* 
surprising that periodic breathing — a well known response to low ox3'-gen 
administration — frequentl3’- occurs also in oxygen poisoning (Bean, 1932 ). 
Moreover, the finding of an increase in blood lactic acid in anesthetized 
animals breathing ox3’-gen at high pressure lends further credence to the 
hyperoxic anoxia interpretation of acute ox3'-gen poisoning. 

In a series of seven of our present experiments the lactic acid content of 
the T3Hode bath exposed to oxygen at 75 pounds’ pressure and in which 
the smooth muscle (duodenum) had shovm some ox3’^gen poisoning reac- 
tion, was deteimined. In six of these the lactic acid content was less than 
that found in the controls. This would perhaps seem to bring into ques- 
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tion the significance of the anaerobic metabolism as a factor in oxygen 
poisoning in these isolated smooth muscle preparations. It should be 
noted, however, that the oxidation of lactic acid intracellularly in intimate 
relationship with tissue fluids, or in the blood may be quite different from 
its oxidation in Tyrode solution under high ox3’'gen pressure. 

Even though it be granted that the parallelism in the responses of these 
isolated smooth muscle preparations to sodium cyanide and to oxygen 
at high pressure can be explained on the basis of a common anaerobic 
metabolism it mast be recognized that there may be points of divergence 
in the toxic action of these two conditions. This is suggested by the 
finding that the effects of sodium cjmnide and of high oxj’^gen pressure 
administered in combination are not alwaj’s directly and completely 
additive. 

In order to deteiminc whether there might be some unsuspected to.xic 
substance released bj’’ the isolated tissue during its reaction to high oxygen 
pressure, the Tjaede bath was draivn off at the height of the muscle’s 
response to high ox3'gen. This w'as then used as a bath for a noimal piece 
of rhythraicall3’' contracting duodenum but the tonus and rh3dhm remained 
unaltered. If there is an3’- toxic substance produced in the isolated smooth 
muscle during exposure to high oxygen, either it does not diffuse into the 
bath in significant amounts, or it is rapidly dissipated by high ox3’’gen in 
the T3Tode solution or b3^ decompression to atmospheric pressure. 

SUMMARY 

Exposure of isolated longitudinal duodenal muscle of the rabbit to o.x3"gen 
at 75 pounds’ pressure resulted in a progressive decrease in tonus, a decrease 
and irregularity in amplitude of the .spontaneous rhythmic contractions 
and a decreased frequency of this rh3’^thm to a point of periodic cessation 
inlerspersed by spasmodic unsustained increases in tonus. Decompression 
to atmospheric pressure reversed these effects. 

Exposure of p3doric .sphincter (rabbit) to high ox3'gen pressure likewise 
resulted in a decrease in tonus which was reversed by decompression. 
* The effects of high oxygen on intestinal smooth muscle in circulated 
animals are not necessarily dependent upon central nervous or hematog- 
enous connections but may be explained as due to a peripheral influence of 
ox3’-gen at high pressures. 

Atropinization of duodenal smooth muscle preceding compre-ssion failed 
to alter the action of high ox3’'gen pressure on this tissue. If the intrinsic 
nerv’e endings are affected by high oxygen it would appear that they do not 
mediate any effect via physiological sympathomimetic or paras3Tnpatho- 
mimetic substances. 

The re.sults indicate that the peripheral influence of oxygen at high 
pressure is due to a direct action on the effector cells themselves. 
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The finding that the effects of oxygen at high barometric pressure on 
isolated smooth muscle are so ver3’' similar to those effects induced not 
onty by sodium cj’anide but also by the administration of low percentages 
of ox5’-gen at atmospheric pressure, is interpreted as indicative of a common 
causal factor operating in all three conditions. 

Evidence is presented which supports the suggestion that this common 
factor is an increased intracellular acidity wliich in the case of the direct 
action of ox3<'gen at high barometric pressure ma3'’ arise from the diminished 
oxygen utilization consequent upon a poisoning of respiratory enz3^mes. 
Reasons are cited for beheving that this interpretation remains valid 
despite the failure to demonstrate any increase in the lactic acid content 
of the Tyrode solution bathing the tissue exposed to high ox3’-gen pressure. 

The seemingty paradoxical relationship in acute oxygen poisoning where 
a superabundance of oxygen at high barometric pressure elicits responses 
t3’pical of those induced by an oxygen deficiency and anaerobic metabolism 
is referred to as h3’peroxic anoxia. 
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If a substance is completel}’’ removed from the blood on one renal pas- 
sage, its blood clearance is a measure of renal blood flow (RBF) ; if it is 
completely removed from the plasma, while it is absent from or fixed in 
the blood cells during such passage, its plasma clearance is a measure of 
renal plasma flow (RPF). Regardless of the degree of completeness of 
renal extraction and regardless of distribution between cells and plasma, 
RBF is measured by the expression blood clearance/blood extraction, 
where blood extraction is , 

arterial blood level — renal vein blood level 
arterial blood level 

If a substance is incompletely extracted from the plasma and is absent 
from or fixed in the cells, its plasma clearance/plasma extraction is a 
measure of RPF, If it is incompletely extracted from the plasma and 
some of it moves from cells into plasma during a renal passage, its plasma 
clearance/plasma extraction is higher than RPF, It is assumed that 
from the curve of momentary (obsenmd) extractions can be plotted the 
mean extractions for the respective urine periods. The slight errors due 
to loss of Avater from blood into urine and to loss of materials through renal 
Ijunph are neglected. 

Suitability of various svbsUinces for measuring RBF or RPF. .Urea. 
Urea was used by Van Slyke, Rhoads, Hiller and Alving (5) as a reference 
substance for RBF determinations. It was later recognized that urea 
is not the most suitable substance, because of wide and transitory fluctua- 
tions in extraction (6), We confirm the following findings of Van Slyke, 
Hiller and Miller (7), First, that when urea is added to dog blood in vitro 
the equilibrium distribution betAveen plasma and cells is attained very 
quickly (30 sec, of mixing, followed by centrifugation), with urea per 100 

‘ Preliminary reports of this work have been made in the Proceedings of the 
Soeiety for Experimental Biology and Medicine (1) (2) (3) and before the American 
Physiological Society (4), The work has been aided by a grant from the Common- 
wealth Fund, 
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cc. of water being the same in cells and plasma. Second, that urea diffu- 
sion in vivo is rapid enough that the cell/plasma urea ratio is the same in 
renal vein and in arterial blood. We have carried out the further experi- 
ment of making known dilutions of blood with urea free solutions and find 
that the equilibrium cell/plasma urea ratio is attained as quickly when 
urea is diffusing out from cells m vitj-o as when it is diffusing into them. 
It is thus coufii’med that urea plasma clearance/urea plasma extraction 
will be greater than RPF, because of cell contribution of urea. 

Creatinine. We confirm the follovdng findings of Van Slyke, Hiller 
and Miller (7). First, that when creatinine is added to dog blood in vitro 
it enters the cells very slowl}’’; the ratio of cell to plasma creatinine rises 
slowly and does not reach unitj* even after 5 hours. Tliis is true with 
beef blood (slight rouleau fonnation with resultant high cell-plasma inter- 
face area) as well as with dog blood (marked rouleau formation). Second, 
it was confirmed that diffusion equilibrium of creatinine is attained in vivo 
at between 1 and 2 hours. 

In order to find whether the rate of passage of creatinine from cells 
into plasma is the same as that from plasma into cells, the following ex- 
periment was performed. A dog was given 0.2 gram creatinine per kilo 

fCrl" 

intravenously; 1 hour after the injection ^ was found to be 0.99.- 

[dr] p 

To 20 cc. of this blood were added 4 cc. of isotonic sodium chloride. A 
sample was taken from tliis and centrifuged immediately after mixing 
and another sample taken 20 minutes later. Tlie ratio was raised immedi- 
ately, due to the plasma dilution, and did not fall perceptibly in the next 
20 minutes. The results are seen in table 1, This expei'iment shows that 
the passage of creatinine from cells into plasma as well as from plasma into 
cells in vitro is a very slow process. 

Finallj’’, we confirm Van Slyke, Hiller and Miller (7) in finding that the 
creatinine content of renal vein cells is the same as that of arterial cells, 
although renal vein plasma is of course lower than arterial plasma. It 
is thus confirmed that creatinine plasma clearance/creatinine plasma 
extraction is a measure of RPF. 

Inulin. We confirm Van Sbdie, Hiller and Miller (7) in finding that 
there is no inulin in the blood cells of dogs after a long period of in vivo 
equilibration. We also find the same on man. Inulin plasma clear- 
ance/inulin plasma extraction is thus a measure of RPF. 

Diodrast. The organic iodine compound, diodrast (D), has been pro- 

- It may bo pointed out that a ratio of unity at a given time after a single intra- 
venous injection does not necessarily mean that this ratio will be maintained there- 
after, since, with a rapidly falling blood level, plasma creatinine falls faster than cell 
creatinine. The mere establishment of a unity ratio is, however, sufficient for the 
purposes of the experiment being described here. 



456 


H. Jj. WHITE 


posed l3y Smith and collaborators (8) (9) (10) as essentially meeting the 
conditions that it is completely extracted on passing active renal tissue 
and that it is absent from the cells. 

Diodrast in cells. The statement of Smith (8) that D is absent from 
dog and human cells is based upon essentially complete recoveries from 
plasma of D added to drawn blood. We also find verj^ little entrance of 
D into the cells of drawn blood, slightly’’ more with dog than with human. 
Thus, D to the concentration of 4.55 mgm, iodine (I) per 100 cc. was 
added to freshly drawn heparinized human blood. After 4 minutes, with 
mixing, centrifugation was begun and carried on for 20 minutes at 2800 
rpm. Plasma showed 7.32 and cells 0.53 mgm, I per 100 cc. Since plasma 
fraction of hematocrit reading (Vp) w'as 0.428, the amount of I found by 
analysis and hematocrit is 4.19 + 0.227 or 4,42 mgm. per 100 cc, of blood, 
a fair check. Assuming that 4 per cent of the volume of the packed cells 

TABLE 1 


Failure of creatinine to -pass from cells into plasma in vitro in 23 minutes 
Vp is plasma fraction from hematocrit. Calculated whole blood creatinine was 
obtained from plasma and cell analyses and hematocrit. 
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3 

10:25 

60.2 

18.6 

13.8 

16.8 

16.6 

70.66 

94.44 

0.99 

4 

10:28 

60.5 

13.9 

13.2 

13.9 

13.7 


95.83 

1.29 

5 

10:48 

66.7 

13.8 

13.2 


13.7 


95.83 

1.29 


is pla.sma, we find 0,25 mgm. I per 100 cc, of actual cells, about 3 per cent 
of the concentration in the plasma, 

Diodrast to the concentration of 5 mgm, I per 100 cc. was added to 
heparinized dog blood and mixing accomplished by inverting every 3 
seconds for 30 seconds. A sample of 5 cc. was removed at 30 seconds and 
its centrifugation for 20 minutes at 2800 rpm was begun 3 minutes after 
addition of D. The remainder of the blood stood undisturbed until 24 
minutes after addition of D, when it was centrifugated. The sample ob- 
tained after 3 minutes showed 9.27 mgm. I per 100 cc. plasma and 0.88 
mgm. per 100 cc. cells; assuming that 4 per cent of the packed cell volume 
is plasma we find 0,53 mgm. I per 100 cc, cells or 6 per cent of the plasma 
concentration. The sample after 24 minutes showed 8,75 mgm. I per 100 
cc. plasma and 0,48 per 100 cc, cells; this ^ves a true cell content of 1.17 
mgm. per 100 cc. or 13 per cent of the plasma concentration. Other 
similar experiments have given similar results. 
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The above findings show that D added to drami blood passes from 
plasma into cells very slowly in human and somewhat more rapidly in dog 
blood. "When, however, the equilibration is carried out in vivo, i.e., after 
and during intravenous injection of D, the rate of passage is much higher, 
equilibration being complete in 30 minutes or less. We give an intravenous 
injection of an amount of D and of inulin estimated to give the desired 
plasma concentration (priming infusion) and maintain this by a continuous 
or sustaining infusion; no sulphate or other diuretic is added. We have 
shovTi repeatedly that the plasma concentrations of creatinine, of inulin 
and of D are the same in simultaneous samples from an artery and from 
a systemic vein; the term “arterial” in this paper is applied to blood either 
from an artery or from a leg or jugular vein. The dogs were deprived of 
food but not of water since the evening before an experiment and were 
given 2.5 per cent body weight of water by stomach tube 45 to 60 minutes 
before the first urine period began. The sustaining infusion was begun 25 
to 45 minutes before beginning the first urine period and immediately 
following the priming infusion. When blood levels were changing rapidly 
(after cessation of infusion) a time correction was made on the assumption 
that urine is formed two minutes before it enters the bladder. Urine was 
collected in graduate cylinders and the volume noted; the bladder was 
washed out with 20 cc. of saline from a sjuinge and the urine thus recovered 
noted from the increment in volume. Each complete urine sample was 
transferred to a 250 cc. volumetric flask and made up to volume. The 
excretion of the substances concerned in milligrams per minute was thus 
determined; from this and from the urine flow in cubic centimeters per 
minute the urinary concentration in mgm. per 100 cc. was calculated. 

Not only the passage of D from plasma into cells but also that from 
cells into plasma is quite rapid, more so in the dog than in the human. 
This is seen when the blood level is allowed to fall; if the rate of fall is not 
too rapid the cell /plasma ratio remains constant. "V^Tiether the more 
rapid rate of passage in vivo means that the cell permeability is decreased 
in vitro, or that mechanical factors of the circulation are more effective 
in promoting equihbration than is mixing in the test tube, is not certain; 
perhaps both factors are operative. Furthermore, the equilibrium con- 
centration of D in mgm. per 100 cc. of water is never as high in the cells 
as in the plasma. The significance of this is not clear but it apparently 
means that part of the water in the cell is either inaccessible to D or is 
incapable of dissolving D. These points are illustrated in table 2. Here 
the priming infusion was given rapidly (not through a catheter) and the 
sustaining infusion was at such a rate that the plasma D level was allowed 
to fall slowly for a while. 

The average equilibrium value of the ratio [D]^/[D]p for arterial blood 
is 0.58, vdth extremes 0.48 to 0.73. The average is of 33 observations 
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with plasma levels from 1,3 to 50 mgm. I per 100 cc.; the value of the ratio 
is independent of the plasma D level. 

If the rate of fall of the blood D level is sufficiently high, as with cessa- 
tion of infusion after a maintained high level, diffusion of D from cells 

TABLE 2 

Passage of D from cells into plasma in vivo to maintain constant cell/plasma ratio with 

slowly falling plasma level 


Constancy of ratio is usually seen even where plasma level is falling much more 
rapidly than in this experiment. Priming infusion 12:20 to 12:22. Sustaining begun 
at 12:22 and continued throughout experiment. 


TIME 

AnTEnf AI. IODINE 

K 

Plasma 

Cells 

K 

j 

12:38 

mgm. per cent 

6.43 

mgm. per cent 

3.37 

I 0.64 

1:08 ! 

4.97 

2.54 

1 0.62 

1:32 ! 

4.55 

2.34 

i 0.63 

2:03 

4.43 

2.23 

[ 0.61 

2:19 

4.43 

2.22 

1 0.61 


TABLE .3 

Behavior of arterial and renal vein cell/plasma D ratios with rapidly falling plasma level 


Priming infusion 10:34 to 10:44. Sustaining begun at 10:44 and stopped at 12:06. 
Kl, 2/6/40. 


TIME 


mmm 


[ 

j HEKAE VEI^’ lOOniE 

nEKAI, VZIH 
[< 


Plasma 



Plasma 

Cells 

K 


mgm, per 
cent 

mgm, per 
cent 



i mgm, per 

1 cent 

mgm, per 
cent 


11:03 

29.4 

11.35 

0.47 





11:28 

26.0 

i 11.40 

0.54 

j 11:27 

13.8 

\ 10.3 

0.96 

11:55 

25.2 

i 11. .39 

0.56 

1 11:54 

13.5 

10.2 

0.97 

Infusion stopped at 12:06 





12:15 1 

18.7 

10.0 

0.67 

12:14 

5.18 

8.35 

2.1 

12:28 

11.31 

7.49 

0.85 

12:27 

3.56 

1 6.50 • 

2.46 

12:55 

5.70 ' 

5.80 

1.09 

12:54 

1.60 

3.08 

2.57 

1:26 

2.73 

1.79 

0.84 





1:35 

2.31 

1.46 

0.81 


1 




into plasma may fall behind, with a rise in the cell/plasma D ratio. Such 
a set of observations is recorded in the left half of table 3. Usually the 
arterial cell /plasma D ratio does not rise as high, even with a rapidl}’’ falling 
level, as in this experiment. Sometimes it does not rise at all and usually 
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does not exceed 0.80. This is in contrast with the findings on the human, 
where the rate of passage from cells into plasma is so low that [D]^/[D]p 
may rise from an equilibrium value of 0.3 or 0.4 to 2.0, even though the 
rate of fall of plasma D from a given level, after cessation of sustaining 
infusion, is in general slower in man than in the dog. It is thus seen that 
both in vitro and in vivo the rate of passage of D from cells into plasma 
and vice versa is higher in the dog than in man, the rate in each species 
being much higher in vivo than in vitro. Details of the findings in man 
will be published elsewhere. 

Contribution of D to urine by cells. Even though the cells contain a large 
proportion of D, one could still use D plasma clearance as a measure of 
KPF (if plasma D extraction were complete) provided no significant 
amount of D moved from cells into plasma during a renal passage. If, 
however, cell D moves into plasma on D depiction of the latter and becomes 
available for excretion, then urinary D per minute will be greater than 
original plasma contribution of D per minute and to this extent D plasma 
clearance will exceed RPF. That such a cell contribution of D does take 
place is indicated by the finding that renal vein cell D is always con- 
siderably lower than arterial cell D, where plasma D level is below that 
at which D clearance begins to be self-depressed (about 13 mgm. I per 
100 cc.) and where diffusion equilibrium between arterial cells and plasma 
has been established. When the plasma D level is so high that extraction 
falls the difference between arterial and renal cell D naturally falls. The 
average ratio 

mgm. D per 100 cc. renal vein cells 
mgm. D per 100 cc. arterial cells 

at equilibrium plasma levels below 13 mgm. is 0.77 (average of 11 observa- 
tions), with extremes 0.64 to 0.90. However, renal vein cell D does not 
fall proportionall}’’ to renal vein plasma D ; whereas, after equilibration at 
plasma D levels below that of self-depression of clearance, arterial plasma 
D is always higher than arterial cell D, renal vein plasma D is always lower 
than renal cell D. This merelj’' means that while 30 to 16 minutes suffice 
for equilibration, the time of a renal passage does not suffice. An experi- 
ment which illustrates most of these points is shown in table 3. 

We belicAm that the observed passage of D from cells into plasma has 
in large part taken place by the time the blood enters the renal vein rather 
than during the short time (average 2 to 3 min.) between the beginning 
of the drawing of the sample and the beginning of centrifugation. The 
evidence for this is the extremely low rate of passage in the in vitro experi- 
ments. The statement (2), that the finding that D plasma clearance/D 
plasma extraction is higher than independently measured RPF is “even 
more direct evidence of cell contribution of D than is the finding that 
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renal vein cell D is lower than arterial cell D,” is not justified. The in 
vitro experiments, however, do indicate that there is a significant cell con- 
tribution of D to the urine. 

Completeness of extraction of D from renal vein, blood or plasma. We 

find that renal extraction, ■, of D is never complete from either plasma 

or cells, Wlien the arterial plasma level is below 13 mgm, I per 100 cc, 
the 2?lasma extraction has averaged 0.74 (0.61 to 0.85), cell extraction 
0,23 (0.10 to 0,36) and whole blood extraction 0.57 (0.46 to 0.66). Witliin 
this range of pla-sma levels (1.3 to 13 mgm. I per 100 cc.) there is but little 
correlation between plasma D level and completeness of extraction, while 
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Fig. 1. Effect of varying plasma D level on plasma D extraction. Iodine (I) is a 
measure of diodrast (D). The anomalous extractions discussed in the texi; are not 
included in this figure. The point marked (0.23) designates an extraction of 0.23. 

the extraction progressively falls at higher plasma levels. Some dogs 
consistently show a higher extraction than do others at a given plasma 
level. Figure 1 .shows the relation between arterial plasma D level and 
plasma extraction; the data are from 4 dogs. 

Anomalously low extractions. On one occasion out of a total of 44 renal 
vein bloods drawn and analyzed for D we have found renal vein plasma D 
higher than arterial plasma D; this undoubtedly means contamination 
by urine although none was seen entering the syringe; here the renal vein 
plasma inulin was also higher than the arterial. On two occasions we 
have found renal vein plasma D essentially the same as arterial. One 
explanation for this is that the supposed renal vein blood came from the 
renal arleiy. This is believed to be the coirect explanation for one of 
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these cases, since the blood looked arterial. In the other case (K9, 
3/28/40, R3), however, it seemed very probable that venous blood was 
obtained. If this is true, 3 possible explanations ■ suggest themselves; 
first, that the puncture brings about a temporary suppression, presumably 
through nervous influences direct or reflex, of D excretion; second, that 
the needle point was close enough to the vena cava that caval blood to the 
exclusion of renal vein blood was obtained; third, that just the right amount 
of urine contamination occurred to bring the renal vein plasma D concen- 
tration up to the arterial. The second explanation seems inherently 
improbable. The third also seems inherently improbable; further light 
on this possibility may be afforded by the following consideration. If 
there had been a normal extraction with subsequent contamination bj’’ 
urine there would probablj’’ not have been time for the D from urine to 
come into diffusion equilibrium with the cells, since tliis would be an in 
vitro process. One would thus expect to find renal vein cell D lower than 
arterial cell D, as is always the case when a normal plasma extraction is 
observed. In the case under consideration, however, both plasma and 
cells of renal vein showed the same D content as arterial plasma and 
cells, which speaks against urine contamination while being compatible 
with all of the other possibilities. 

In 5 other cases the extraction has been measurable but greatly below 
the lower limit of what we consider normal at the existing arterial plasma 
I level. In all 5 of these cases there had been difficulty in getting the 
renal vein sample. At arterial plasma I levels of 5.1, 7.9, 4.7, 7.9 and 12.6 
mgm. the plasma extractions were 0.41, 0.32, 0.15, 0.33 and 0.22, respec- 
tively. In all of these cases the observed cell extraction also was very 
low, the ratio of cell extraction to plasma extraction being essentially 
the same as when plasma extraction is normal. As in the preceding 
paragraph, this speaks against contamination by urine as being responsible; 
we believe thej^ represent partial temporary suppression of D excretion. 
It seems improbable that they could represent varying admixtures of renal 
vein and arterial blood, although this possibility is not excluded. The 8 
anomalous D extractions discussed in this and the preceding paragraph 
are not included in figure 1 or in the preceding averages, 

"Vlfliether such anomalous D extractions actually represent transitory 
suppression of D, whether this suppression is purely tubular and if so 
whether it is due to the action of inhibitory fibei’s to the tubular mechanism 
or merely to a transitory circulatory deficiency of the tubules cannot be 
answered without much further work. It is of interest in tliis connection 
to examine the simultaneous inulin extractions. If tubular excretion of D 
were completely suppressed while glomerular filtration was not completely 
suppressed the plasma extraction of D would be slightl.y less than that 
of inulin, slightly less because part of the plasma D is not filterable (11). 
If the suppression of tubular excretion resulted from activity of inhibitory 
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fibers to the tubular mechanism, with no circulatory change, inulin extrac- 
tion should remain normal and should be slightly higher than D extraction. 
If, on the other hand, an adequate renal afferent vasoconstriction occurred, 
inulin extraction would fall. In the case (K9, 3/28/40, US) where renal 
vein and arterial plasma D were essentially the same (extraction 0,04) 
the inulin extraction was correspondingly low (0.05), We interpret this 
as meaning that tubular excretion of D was completely suppressed and 
glomerular filtration greatly dimini.shed, which suggests that in this case 
the effects were largelj’’ or Avholly circulatory. This effect is very transi- 
tory, since both D and inulin plasma clearances for that 17 minute period 
were essentially the same as for another urine period in the same experiment 
in which D and inulin clearances and extractions were normal. In the 5 
cases where D extraction was very low but higher than in the case just 
discussed, the inulin extraction was considerably lower than the D, in- 
dicating that tubular excretion of D had not been completely suppressed. 
Inulin extraction was itself considerably below normal, indicating partial 
suppression of glomerular filtration. 

The question of transitoiy suppression of D excretion must bo investi- 
gated by making urine collections at voiy short intervals while procedures 
designed to bring on such suppression are being carried out; in thi.s way 
transitory falls in D output can be detected. We are not yet ready to 
report on this point. The question may be raised whether the renal vein 
puncture method of determining renal blood or plasma flows by observed 
extractions is satisfactoril}’’ reliable. Even though infrequent, the oc- 
casional finding of a very low extraction makes one wonder Avhether the 
extractions of the order of 0.6 or 0.7 may not represent milder degrees of 
the suppression process, if such exists. We cannot give a positive answer 
at this time. In a discussion at the 1940 meeting of the American Physi- 
ological Society Dr. Homer W. Smith stated that he and his collaborators 
had so far invariably observed anomalously low plasma D extractions on 
human subjects under various anesthetics, extractions so low that they 
ob\nou.sly could not represent the mean extractions for the corre-sponding 
urine periods. ll^Tiatever the explanation may be, the difficultj' seems 
much less likely’’ to appear in the dog than in man. 

Our present feeling is that in the dog by a judicious selection one can 
get D and inulin extractions which will jneld a fair approximation to the 
mean extractions. Thus, if 5 out of 6 samples in one exqieriment show D 
extractions between 0.7 and 0,8 while the sixth, which may come between 
two normals, shows an extraction of 0.3, we feel justified in rejecting the 
low value and in concluding that the true mean extraction is between 0.7 
and 0.8. Furthennore, the fact that D plasma clearance is independent 
of plasma D level up to a level of about 13 mgm. I per 100 cc., the same 
as that at which observed extraction begins to fall, indicates that our 
observed extractions, with the exceptions noted and discussed, are probably 
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rc]>rcsentativc of the mean extractions for the corresponding periods, 
i.c., that true mean extractions behave as do our observed extractions 
in being independent of plasma level up to about 13 mgm. I per 100 cc. 

SUMALA.RY 

The findings of Van Slyke and collaborators a, that urea comes into 
diffusion equilibiium between plasma and cells very rapidlj’’ in vitro and 
in vivo] h, that the in vitro equilibration of creatinine is very slow and the 
m vivo equilibration is slow enough that renal vein cell creatinine equals 
arterial cell creatinine, and c, that inulin is absent from blood cells m vivo, 
arc confiraied. 

The diffusion cquililiration rates of D m vitro and in vivo are studied. 
The in vitro rate of passage of D between cells and plasma is very low. The 
in vivo rate of pa.ssage is high enough in the dog that renal vein cell D is 
lower than arterial cell D. It is concluded that there is a contribution 
of D to the urine by the cells in the dog. 

At diffusion equilibrium the concentration of D per 100 cc. of cell water 
averages only 58 per cent of that in plasma water, this value being' in- 
dependent of the D level. 

At arterial plasma D levels below that at which clearance begins to be 
.self-depressed (about 13 mgm. I per 100 cc.) the extraction has averaged 
0.74 (0.61 to 0.85) vdth but little correlation between completeness of 
extraction and plasma level between the levels 1.3 to 13 mgm. I per 100 cc. 
At higher plasma levels the extraction progressively falls. An anomalously 
loAV extraction is occasionally observed; possible explanations are 
considered. 
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If plasma diodrast (D) extraction, ^ were complete and if no D 

moved from cells into plasma during a renal passage, D plasma clearance 
would be a measure of renal plasma flow, RPF. In practice, however, 
the two factors, incompleteness of D extraction and cell contribution of D 
(1) (2), work in opposing directions to disturb the relation between D 
plasma clearance and RPF, the first working to make the clearance lower, 
the second to make it higher than RPF. If the first factor alone were 
operative, D plasma clearance/D plasma extraction would be a measure 
of RPF; in so far as the second factor also is operative, this expression will 
be higher than RPF. If the cell contribution of D raises D plasma clear- 
ance less than the factor of incompleteness of D extraction lowers it, D 
plasma clearance will be less than RPF ; the two factors might be balanced 
so that D plasma clearance would equal RPF. A comparison of D plasma 
clearances with simultaneous and independent RPF determinations in 
the dog is made in this paper. Observations on the relation between 
plasma D level and clearances and on the tubular excretion of D are also 
reported. 

The general plan of the experiments has been described (2). The dogs 
were on a diet of Purina dog chow with a weekly supplement (given on 
Saturday) of 1 pound of raw meat. A previously described method for D 
(3) was used. Filtrate digestions were hand heated, urine digestions in a 
water bath. In its present published form the method yields sh'ghtly 
more consistent values on filtrates with hand heating than with the water 
bath; with urine either method of heating gives complete recoveries. We 
prefer the filtrates to unprecipitated plasma digestions. A determination 
of the percentage of D coming through the filtrates is made on each animal 
at 2 or 3 known levels, i.e., known amounts of D are added to blank blood, 

f* 

* Aided by a grant from the Commonwealth Fund to H. L. White. 
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plasma and cells. These percentages continue to be remarkably constant. 
Inulin was determined essentially according to Corcoran and Page (4). 

Relation of plasma D level to D plasma clearance. Since the extraction 
of D has been found independent of plasma D level between the limits 1.3 
and 13 mgm. iodine (I) per 100 cc. (2), it follows that clearance should 
also be unaffected by changes in plasma level between these limits and this 
is found to be the case. Data on the relation between plasma clearance 
and plasma D level are recorded in figure 1. The higher the plasma level 
above 13 mgm., the less the clearance. The average at levels below 13 
mgm. is 246 cc./minute/M= (26 observations on 6 dogs). 



Fig. 1 Fig. 2 

Fig. 1. Diodrast plasma clearance as a function of plasma level. The clearance is 
essentially independent of plasma level up to about 13 mgm. I per 100 cc. and falls 
■progressively with increasing levels above 13 mgm. The 3 points enclosed by a 
broken ring were obtained on a dog, K9, which had unusually small kidneys. The 
values designated by X are on 2 hypophysectomized dogs. 

Fig. 2. Tubular output of D as a function of plasma level. The output is linearly 
proportional to plasma level up to about 13 mgm. I per 100 cc. and becomes inde- 
pendent of plasma level at about 20 mgm., i.e., diodrast Tm is attained, which has 
averaged 22.4 mgm. I/min./iSI®. The enclosed points are from a dog, K9, which had 
unusually small kidneys. The values designated by X are on 2 hypophysectomized 
dogs; each represents the average of 3 observations. 


Relation of plasma D level to tubular excretion of D. By means of simul- 
taneous inulin clearances and calculations of the filterable fraction of D 
(5) one can determine the glomerular and thus the tubular excretion of D. 
The rate of tubular excretion, in ragm./min./M^, rises linearly with rising 
plasma D level up to a level of about 13 mgm. I per 100 cc. ; this is in agree- 
ment with the extraction and clearance findings. Above this level the slope 
falls and the curve becomes horizontal at 18 to 20 mgm. I per 100 ec., i.e., 
the maximal rate of tubular excretion of D (Tm) is attained. Data are 
reported in figure 2. Diodrast Tm averages 22.4 mgm. /min. /M^, which 
is not much different from our figure of 25 mgm. /min. /M" on man (6). 
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Comparison of D plasma clearances with simultaneously determined RPF. 
Where Vp is the plasma fraction of the hematocrit reading (all bloods 
heparinized), RPF was determined by two methods simultaneously, 


(a) 

Inulin plasma clearance 
Inulin plasma extraction’ 

(b) 

D whole blood clearance X Vp 
D whole blood extraction 


Whole blood D was determined from plasma and cell D analyses and hema- 
tocrit readings; this was occasionally checked by direct whole blood 
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Fig. 3. True RPF values on 6 normal dogs, averaging 325 cc./min./M*. As might 
be expected, these values are independent of plasma D level. 


analj'ses. With observations on 22 periods, the average RPF values in 
cc./min./M2 are, (a) 323 (215 to 436), (b) 326 (202 to 442). Data on 
RPF are shown in figure 3; the values are independent of the plasma D 
level. The recorded values are averages of the inulin and D values, which 
usually differ by less than 10 per cent. The D plasma clearance averaged 
246 cc./min./M- when the pla.sma I level was below 13 mgm. per 100 cc., 
and the average D plasma clearancc/D plasma extraction was 363 cc. 
(263 to 510). The latter average is higher than RPF (325 cc.) because of 
the cell contribution of D to the urine. Since 363 is 112 per cent of 325, 
it follows that for everj’’ 100 mgm. D contributed to the urine by the plasma, 
12 mgm., on the average, are contributed by the cells. This is not a large 
but is a significant contribution. Evidence has already been advanced 
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(2) that this is a real contribution to the urine and not due inefelj'- to the 
passage of D from cells into plasma after the kidney has been passed. 

The D plasma clearance is lower than RPF because the factor of in- 
completeness of extraction overbalances that of cell contribution. The 
average of all RPF values (22 periods), 325 cc., is 1.32 times the average 
of all D plasma clearances at plasma I levels below 13 mgm. (26 periods), 
246 cc. However, of the 22 RPF periods only 13 were carried out at 
plasma I levels less than 13 mgm.- The average of these 13 RPF periods 
is 313 cc. and the average of the 13 simultaneous clearance values is 263 
cc. Thus, in this series of 13 simultaneous determinations at plasma I 
levels less than 13 mgm., the average RPF is 1.19 times as great as clear- 
ance. This multiplier, however, has varied between 1.03 and 1.58, with 
no correlation between value of multiplier and plasma I level between the 
limits of 1.3 and 12.9 mgm. Variability of extraction is the factor chiefly 
responsible for variations in the multiplier. 

The average renal whole blood flow is 655 cc./min./M^, or 22.3 per cent 
of Marshall’s (7) value of 2940 cc./min./M- for cardiac output in the 
dog. Corcoran and Page (8) found an average RPF of 250 cc./min./M^ 
and RBF of 460 cc./min./M^, using inulin and phenol red extractions. 
They used dogs from which the opposite kidney had been removed, with 
about 3 months allowed for hypertrophy of the explanted kidney. All of 
our dogs had both kidneys; the ratio of our values to those of Corcoran 
and Page is about what would be expected. 

Filtration fraction. Inulin plasma clearance has averaged 91 cc./ 
min./M^. This is 28 per cent of average RPF; this filtration fraction has 
varied between the limits 0.18 and 0,40. The filtration fraction as indi- 
cated by the inulin extraction agrees well with the value obtained by inulin 
clearance/RPF, where RPF is D blood clearance X Vp/D blood extraction, 
i.e., the inulin and D findings are in agreement. In this series no experi- 
mental procedures designed to affect the filtration fraction have been 
carried out. The extreme value of 0,40 may be somewhat suspect, al- 
though it is difficult to see what technical difficulties could give erroneously 
high extractions; an}’’ accident to the renal vein blood should lower ex- 
traction. Our average of 0.28 is close to Corcoran and Page’s average of 
0.297 and slightiy higher than Van Slj’-ke, Hiller and Miller’s (9) average 
of 0.223. 

Table 1 presents data on a few periods; most of the points discussed 
are illustrated in tliis table. 

Hypophysectomized dogs. In figures 1 and 2 are shown a few observa- 
tions on D plasma clearance and tubular excretion in 2 hypophysectomized 

® The remaining 13 of the 26 clearances at plasma I levels less than 13 mgm. were 
not accompanied by RPF determinations. 
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dogs. It is seen that both tubular output and plasma clearance arc about 
half as high as in the normals. Inulin clearances (not shown in figures) 

TABLE 1 

Data of 6 periods on clearances and renal flows 
A and RV refer to arterial and renal vein specimens, respectively. Uncorrected 
cell I means milligrams diodrast iodine per 100 cc. of centrifuged cells. Whole 
blood I is calculated from plasma and cell analyses and hematocrit readings. Mean 
D extraction is obtained from mean D levels for the respective urine periods, as deter- 
mined by plotting analytical values against time. Glomerular D plasma clearance is 
obtained by multiplying inulin clearance by the filterable fraction of D as obtained 
from the constants of Smith and Smith (5); tubular clearance is total clearance minus 
glomerular clearance. Column (23) is to be compared with the average of columns 
(17) and (22), the e.xcoss representing cell contribution of D. Tubular I (24) is total I 
output minus glomerular I output as determined from inulin clearance and filterable 
fraction of D. 
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are also about half the normal. It thus follows that both glomerular 
and tubular outputs of D are about half the normal. We do not yet have 
observations on tubular outputs at high plasma D levels, Tra, on these 
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animals but this will probably also be low. The primary purpose in under- 
taking our inulin and D observations was to get further information on 
our earlier finding (10) that for several weeks after hypophysectomy 
or after the production of diabetes insipidus by appropriate hypothalamic 
lesionSj the creatinine clearance was greatly reduced. The question arose 
as to whether this meant a low RPF or a low filtration fraction or both. 
We do not yet have observations on extractions or RPF (no renal explant 
h3q5ophysectomized dogs), but the present finding that the ratio of inulin 
clearance to D plasma clearance is about normal indicates that the filtra- 
tion fraction is normal and the low D plasma clearances probably mean a 
low RPF. Further observations on tubular function and on true RPF 
in these types of animals are in progress. 

Discussion. It is seen that in the dog with one kidnej'’ explanted and 
the other present D plasma clearance is definitely less than RPF at plasma 
I levels between 1.3 and 13 mgm. per 100 cc. In the series where direct 
comparison was possible RPF averaged 1.19 times clearance. In general 
it may be said that if one multiplies the D plasma clearance (at plasma 
levels between the above limits) by 1.2 he will get a value which usually will 
differ from RPF by less than 10 per cent. 

SUMMARY 

Diodrast plasma clearance in dogs has averaged 246 cc./min./M*^ at 
plasma I levels between 1.3 and 13 mgm. per 100 cc.; the clearance falls 
progressively at higher levels. 

Tubular output of D rises linearly with increasing plasma level up to 
about 13 mgm. I per 100 cc.; here the slope begins to fall and the curve 
becomes horizontal at about 20 mgm. Diodrast Tm, being attained at 
a plasma level of 20 mgm. I, averages 22.4 mgm. I/min./M^. 

True RPF is obtained, usually within 10 per cent, by multiplying D 
plasma clearance, obtained at plasma I levels between 1.3 and 13 mgm., 
by 1.2, Renal plasma flow has averaged 325, renal blood flow 655 
cc./min./M”. 

About 11 per cent of the D entering the urine comes from the blood cells. 

The filtration fraction of plasma has averaged 0.28. 

The inulin and D plasma clearances and the rate of tubular output of D 
in the hypophysectomized dog are about half the normal. This indicates 
a low RPF with an essentially normal filtration fraction. 
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In a previous communicatiou (Ball, 1934) it was shown that pseudo- 
pregnancy in the intact rat followed sterile mating invariably only if two 
or more vaginal plugs had been deposited. In about one-third of the cases 
in which mating was terminated after the formation of the first plug estrous 
smears recurred witliin 4 or 5 daj^s as if no mating had taken place. In the 
light of this fact it seemed probable that a similar failure of the pseudo- 
pregnancy mechanism might prevent the implantation of healthy, fertilized 
eggs after mating with fertile males if only one plug were formed. A series 
of one-plug matings was therefore undertaken in order to discover if such 
a failure does in fact occur when the ova are fertilized as well as when 
they are not. 

Experimental procedure. Seventy-three female rats of a mixed 
hooded strain were used for these matings. They were between 3 and 4 
months old at the beginning of the experiment. Most of them had borne 
one litter but the fitters had been discarded and the mothers were started 
on the experimental breeding after a rest of not less than 10 days. Thej’’ 
were fed Purina Dog Chow and lettuce with additional dried whole milk 
during pregnancy. They were, of course, kept segregated except during 
the observed matings. 

When vaginal smears indicated probable sexual receptivity each female 
was allowed to copulate with a male of proved fertility until one plug had 
been formed. She was then returned to her home cage. Vaginal smears 
were taken dail 3 ’’ after this until the appearance of either the red blood 
cells indicative of pregnancy or comified cells indicating a new estrus and 
failure of gestation (Evans and Burr). In the former case smears were dis- 
continued and the animal was set aside as pregnant. If, however, an 
estrous smear appeared first she was mated again, usually to the same male, 
and this time three plugs were permitted before the animals were sepa- 

* This work was supported in part by a grant from the Committee for Research 
in Problems of Sex, National Research Council. 
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rated. In about half of these three-plug matings a vasectomized male was 
substituted for the fertile male after the first plug had been deposited in 
order to show that the improved reproductive performance after three- 
plug matings over that resulting from one-plug matings was not due to the 
presence of a greater concentration of spermatozoa in the female sex tract. 
Since the results were the same whether fertile or sterilized males w'ere 
used for the second and third plugs all cases have been tabulated together 
for the following discus.sion. 

After the three-plug mating the female was treated as she had been 
after the one-plug mating. If she again failed to become pregnant she was 
considered sterile and her one-plug record W'as discarded although occa- 
sionally such a female would produce a normal litter if mated again. 

The litters bom after these matings were discarded at birth and the same 
procedure was repeated once more after a rest period of 10 da 3 ’’s or more. 

Many of the single plugs were examined microscopically and in everj'^ 
case active spermatozoa were found in normal profusion. 

A second group consisting of 19 rats of an albino strain were treated in 
exactly the same wa 3 ^ These animals are reported as a second group only 
because their performance was somewhat different. Thej’’ were the same 
age as the hooded rats, ■were bred during the same months and w'ere kept 
in the same cages. They were not considered a separate group until it was 
discovered that all but one had become pregnant after one-plug matings, 
a much higher fertility than that of the hooded animals. 

Results. In the first group, the hooded animals, there were 109 one- 
plug matings in -which the fertility of both male and female ■v\’^as proved by 
production of a litter as a result of either that mating or the subsequent 
three-plug mating. Of these 109 one-plug matings, 71 (65 per cent) re- 
sulted in litters while 34 (31 per cent) -n'ere follo-^ved by estrus in 4 or 5 days 
as if no mating had occurred, showing that in about one-third of the cases 
one plug is not enough to stimulate the corpora lutea .sufficiently to permit 
implantation. In only 4 cases (4 per cent) did these one-plug matings 
fail to produce litters for reasons other than failure of the mechanism which 
produces pseudopregnancy in sterile mating. In each of these 4 cases 
(1 resorption and 3 pseudopregnancies) the reproductive historj’- of, the 
animal offered some other evidence, such as very small litters or too long 
non-copulatory cycles, that her reproductive system was not quite up to 
normal. 

In no case did a 4-day or 5-day cycle follow a three-plug mating. If 
pregnancy failed, the animal was alwaj’-s at least pseudopregnant. In 
other words, three plugs were always an adequate stimulus to produce 
fimctional corpora lutea, although one plug was often not. The outcome 
of these matings wms, therefore, almost precisely what had been expected 
in the light of the prewious experience in mating hooded rats with vasec- 
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tomized males, even the two to one proportion of success and failure re- 
maining the same for the hooded animals. 

The albinos, however, were apparently more reactive to the stimulus 
of copulation for in this group 31 (94 per cent) of the 34 one-plug matings 
resulted in htters and onlj’- 2 (6 per cent) of them (both in the same female) 
were followed by short cycles. There was one pseudopregnancy. 

The albino rats had been raised in another laboratory and 27 of the 
hooded animals had come from a tliird laboratory so that it cannot be said 
with certainty that the difference in performance was due to strain differ- 
ence but this seems the most probable explanation since all animals 
appeared to be in good health at the time of the experiment. A difference 
between these hooded rats and another albino strain in responsiveness to 
injected hormones has already been noted (Ball, 1939). 

Although there would seem to be no reason to doubt that the eggs were 
fertilized by a single plug as well as by three since one fertile plug was as 
successful as three in producing young if it was followed by infertile plugs, 
nevertheless several females were examined when they showed estrous 
smears four days after mating. To obtain the eggs one uterus was care- 
fully tied off as close to the cervix as possible and then removed with its 
contents and with the ovary attached. The other uterus and ovary were 
left intact in order to test fertility as usual by three-plug insemination. 
The contents of the removed uterus and tube were examined by Dr. Carl 
G. Hartman to deteimine the presence and condition of eggs. 

A number of the animals subjected to this examination proved to be 
sterile when tested later by three-plug matings. These cases, like the other 
cases of sterile animals, were of course discarded since it was the purpose 
of this experiment to determine the relative number of successful preg- 
nancies after one-plug and three-plug matings. In order to do this it 
was obviously necessary to use only animals that were capable of pro- 
ducing htters, given adequate stimulus. It is, however, of interest to note 
that the eggs found in the sterile animals were uniformlj’- unfertilized and 
disintegrating. 

In contrast to this defectiveness of the gametes in the animals discarded 
as sterile, the eggs found in the four fertile females examined were fertilized 
and developing normally showing that it was not the zygotes but the 
maternal endociine system which was responsible for the failure of preg- 
nancy in these cases. 

. It is apparent from these studies that for some rats a single insemination 
is insufficient stimulus to insure inception of the chain of events necessary 
to prepare the uterus for implantation and that this process is quite inde- 
pendent of the fertilization and early growth of eggs. Failure of preg- 
nancy may be due to either or both. If only gametes fail, pseudopregnancy 
results. If only preparation of the utems fails, due to too little cervical 
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stimulation, the next estrus is not inhibited and normally developing eggs 
are contained in a proestrous uterus. If both fail there is a .short cycle but 
the proestrous uterus contains only disintegrating eggs. Depo.sition of 
three plugs prevents the occurrence of the .second and third of these condi- 
tions. It may be added that rats usually make three or more plugs if they 
are .simply left together over night when the female is in heat. But occa- 
sionall}’’ only one plug will be made due to low .sexual excitability of one or 
both partners. 

SUMMARY 

Approximatelj” one-third of 109 single-insemination matings of fertile 
rats were followed by cstrous smears wdthin 4 or 5 daj^s.as if no mating 
had taken place. Normally developing fertilized eggs were found in the 
uterus of four .such animals examined at the time of proestrous smears four 
days after mating. 

This frequent failure of pregnancy after deposition of a single vaginal 
plug is considered to be duo to the same failure of the pseudopregnancy 
mechanism that had occuiTcd in a comparable proportion of cases when 
similar matings had been made with vasectomized males. Since short 
cycles never occurred after the deposition of three plugs by either fertile 
or sterile males it is concluded that for the animals used in these experi- 
ments, a mixed hooded strain, one plug is insufficient stimulus to insure 
inception of the chain of events necessaiy to prepare the uterus for implan- 
tation whether there are eggs to implant or not. 

A small group of rats of an albino strain responded to the stimulus of one 
plug much more readily than the hooded animals. 
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Although it is generally agreed that skeletal muscle is composed of motor 
units which may contract independently of one another, it is still doubtful 
whether there are similar units in smooth muscle. Since the l^ulk of the 
histological evidence favors a sparseness of innervation resulting in one 
nerve fiber to more than one smooth muscle cell (for references see Cannon 
and Rosenblueth, 1937), the existence of units composed of single smooth 
muscle cells is improbable. 

Denervation of the nictitating membrane re.sults in an increased sensi- 
tivity to adrenaline and to sympathin (see Cannon and Rosenblueth, 1937). 
This hj’persensitivit}’’ decreases and disappears as regeneration of the pre- 
viously severed postganglionic fibers progresses (Simeone, 1937). 

Lawrentjew and Borowskaja (1936) have shown histologically that sec- 
tion of some of the postganglionic fibers distributed to a smooth muscle 
effector results in a partial denervation. It seemed plausible that partial 
denervation of the nictitating membrane might sensitize only some cell 
groups. Such a result would support the concept of a relative unitary or- 
ganization of smooth muscle. The present study was undertaken to 
answer this question. 

Method, Cats were used. One superior cervical ganglion was ex- 
posed aseptically under ether anesthesia and some of the postganglionic 
fibers were severed. For control observations the ganglion of the opposite 
side was either removed, preganglionically denervated, or left intact. 
Seven to 14 days were allowed for sensitization to develop. The cats 
were then used under dial anesthesia (Ciba, 0.8 cc. per kgm. intraperitone- 
ally). 

Isotonic contractions were recorded from one or both nictitating mem- 
branes by levers providing a 20-fold magnification and a load of 3.5 grams. 
Injections of adrenaline (adrenalin, Parke, Davis and Co.) were made into 
the femoral vein in dilutions of 1 *.50,000 to 1 *.200,000 in 0.9 per cent NaCl. 
One dilution was employed in any series of observations. A constant 
time (10 see.) was used for each injection. For nerve stimulation shielded 
electrodes were placed on either the pre- or postganglionic fibers of the 
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cervical feympatheiic. Maximal shocks were delivered at various fre- 
quencies from a multivibrator circuit discharging through a transfonner. 
Each frequency was applied for a constant time (20 sec.)- 
Results. A. Responses io adrenaline. Series of responses of partially 
denervated nictitating membranes to varied doses of adrenaline were re- 
corded simultaneously with the rcspon.ses of control membranes, normal 
or with total pre- or postganglionic dcncrvmtion. Adrenaline was given, 
in either gradually increasing or graduallj' deerea.sing amounts. Random 
doses did not yield con.sislent rc.sults. Tin's inconsistency is probably 
due to changes in the sensitivity of the muscle cells during the course of the 



Fig. 1. Dose-response curves for adrenaline. Ordinates: maximal height of 
responses. Abscissae: adrenaline (-y). Dots: partially denervated nictitating mem- 
brane ; the broken line is the inferred extrapolation of the upper segment of the curve. 
Circles: normal control membrane of the opposite side. 

Fig. 2. Dose-response curves for adrenaline. Ordinates and abscissae as in 
figure 1. Dots: partially denervated membrane; the broken line is the inferred 
extrapolation of the lower segment of the curve. Circles: totally denervated con- 
trol membrane of the opposite side. 

expeidment, for injectioiLS of adrenaline re.su]t in a gradual dc.sen.sitizalion 
of innervated mu.scle.s (Simeone, 19.38). 

The control membrane.s yielded smooth, continuous cuiwe.s when the 
maximal height of response was plotted against the corresponding dose of 
adrenaline (Ro.senblueth, 1932; figs. 1 and 2). The curvms from the par- 
tially denervated muscles, on the other hand, invariably showed a dis- 
continuity or break (figs. 1 and 2). The level in the curve at which this 
break occurred varied from one animal to another, probably because the 
fraction of postganglionic fibers interrupted by the pre\dous section was 
also variable (see below). 

An examination of figures 1 and 2 reveals that the partially denervated 
membrane responds to relatively large doses of adrenaline like the normal 
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control (upper segment of the broken curve, fig. 1), whereas it reacts to 
small doses like the totally denervated control (lower segment, fig. 2). 
The breaks can be readily interpreted if it is assumed that partial denerva- 
tion leads to sensitization of a fraction of the total number of cells in the 
muscle. The lower segment of the curves would then be due almost ex- 
clusivelj’’ to a contraction of the sensitized elements. Large doses of 
adrenaline would, on the other hand, activate not only the sensitive but 
also the normal elements. 

B. Responses to preganglionic nerve stimulation. Series of responses were 
obtained with various frequencies of nerve stimulation at constant in- 
tensity. The magnitude of the response was measured at the end of 20 
sec. The results of a tj^iical expeiiment are plotted in figure 3. As in 
the case of the curves plotted from the response to adrenaline, the present 



Fig. 3. Frequency-response curves. Ordinates: height of responses after 15 sec. 
of stimulation. Abscissae: frequency of maximal stimulation of the preganglionic 
sympathetic fibers. Dots: partially denervated membrane. Circles: normal con- 
trol membrane. 

cuiwes were not smooth but showed a break. The position of this break 
varied from animal to animal, depending probably on the number of post- 
ganghonic fibers cut. In any given animal the break occurred at the same 
height of response in successive curves built by successive series of ob- 
servations, but not at the same frequency. This shift of the critical fx'e- 
quency may be explained as due to a progressive exhaustion of the S3mi- 
pathin hberated and to a relative desensitization of the denervated cells 
(see Simeone, 1938). 

The curves in figure 3 differ from the smooth curves obtained by Rosen- 
blueth and Rioch (1933) in acute partially denervated membranes. The 
difference may be attributed to the increased sensitivity to sympathin 
which chronic denervation produces in some cells. Thus it is probable that 
the initial portion of the broken curve in figure 3 represents the response 
mainly of innervated cell units, while the final portion represents the addi- 
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tion of denerv’^ated (i.e., sensitized) cell units activated by the diffusing 
mediator. The position of the break in the curve may accordingly be 
taken as an indicator of the critical concentration of mediator at which a 
significant diffusion begins. 

C. Poslganglionic nerve stimulation. In 3 cats response-frequency 
curves %vere plotted by stimulating first the preganglionic and later the 
postganglionic fibers. The results were similar for both types of stimula- 
tion — i.e., the curves showed a break at approximately the same height of 
response. It may be inferred that the breaks are to be attributed to some 
condition in the effector, not in the ganglion. 

D. Effects of removal of the eyeballs. Briicke (1938) reported that the 
increased sensitivity to adrenaline of the preganglionically dener\mted 
membrane disappears after removal of the eyeball. He inferred that the 
•smooth muscle of the membrane is not sensitized bj'’ such denervation, and 
that the increased response obtained with the e 3 ^eballs intact is due ex- 
clusiveb’’ to a greater reactivity than normal of the smooth muscle which 
protrudes the e 3 >^e. 

Rosenblueth and Cannon (1939) "were unable to confirm Briicke’s re- 
port. In the present study 2 cats were tested as follows. With the ej^e- 
balls intact as usual a response-frequencj’’ curve for preganglionic ner^-c 
stimulation and a response-dose curve for adrenaline were constructed. 
The eyeballs were then excised and the observations were repeated. The 
results were uninfluenced bj'’ the removal of the e 3 ’'eballs. 

E. Comparison of the adrenaline and of the nerve stimulation curves. In 
the broken curves obtained with adrenaline (fig. 1) the lower segment was 
attributed to the sensitized and the upper segment to the normal cells. 
Conversely, in the curves plotted from responses to nervm stimulation, the 
lower segment was interpreted as due to the contraction of the innervated 
elements, and the upper segment to the addition of the denen'ated ele- 
ments, If these inferences are correct it follows that when onB'' a small 
fraction of the nerve fibers are cut, the break in the curves should be at a 
relatively low level of response for adrenaline and at a relatively high point 
for nerve stimulation. The converse should be true if a large fraction of 
the neive fibers are interrupted. These corollaries were supported by the 
experiments. Whenever the break in the adrenaline curve was low, that 
in the frequenc 3 ’- curve was high and vice versa. 

Discussion. The results (figs. 1, 2 and 3) indicate that degeneration' 
of some of the postganglionic fibers w^hich supply the nictitating membrane 
cause a relatively .sharp division in the muscle. Some cells retain their 
normal sensitivity to sympathin and adrenaline "while others arc more 
sensitive. Such differentiation is absent in normal or totally decentralized 
or denenmted membranes. 

Rosenblueth and Rioch (1933) showed that stimulation of a fraction of 
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the total nerve supply of a normal membrane tends to activate all the 
muscle cells if the frequency is sufficiently liigh. Rosenblueth and 
Morison (1934) showed that diffusion of s 3 Tnpathin into the blood stream 
occurred only when the stimulating frequency reached a critical value 
(3 to 12 per sec.). The present observations agree with these reports. 
When the frequency of stimulation attains a critical value (4 to 14 per 
sec.), a diffusion of sympathin takes place from the innervated into the 
denervated cells. The difference between the present data and those of 
Rosenblueth and Rioch (1933) lies in the fact that the diffusing sympathin 
reaches elements whose sensitivity is increased by pre\dous denervation. 

If the suppression of a continuous tonic delivery of sympathin is the 
factor responsible for sensitization after denervation, it may be inferred 
that the tonic discharge of nerve impulses occurs normally at relatively 
low frequencies, insufficient for significant diffusion into neighboring 
elements, since only some cells are sensitized when the denervation is 
partial. 

The bearing of the present data on the problem of the existence or lack 
of existence of motor units in smooth muscle is complex. Since some 
elements in the muscle are differentially affected by partial denervation, 
it is apparent that a relative division into units is defensible. Such a 
division is ob^dously in disagreement with Bozler’s (1939) recent suggestion 
that smooth muscles are a single unit of syncytial structure, hke the heart. 
On the other hand, since with sufficiently high frequencies of stimulation 
the whole muscle may be affected by only some of the nerve fibers it is also 
obvious that there is no unitaiy arrangement similar to that of skeletal 
muscle, as Eccles and Magladery (1939) have suggested. 

The most tenable view at present is that the smooth muscle of the 
nictitating membrane is neither like the heart nor like striated muscle, 
but occupies an intermediate position. The number of smooth muscle 
cells controlled by a nerve fiber is variable, increasing when the frequency 
of the nerve impulses increases (Rosenblueth and Rioch, 1933). With 
low, physiological frequencies the sphere of action of a nerve fiber would 
then be relatively small. Section of some nerve fibers does not modify 
this low frequency. Increased sensitivity becomes apparent in only some 
muscle cells. 


SUMMARY 

Chronic partial postganglionic denervation of the nictitating membrane 
divides the smooth muscle into groups of cells which react in a quanti- 
tatively different manner to adrenaline and nerve stimulation. 

This difference is due to changes in the effector and not in the superior 
cervical ganglion. 

This action is independent of the presence of the eyeballs. 
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An explanation of the results is given which entails a clearer definition 
of the smooth muscle units of the nictitating membrane, 
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The passage of an electrical current through a nerve places it in a state 
of altered excitability which was called electrotonus by the discoverer of 
the phenomenon, DuBois Rejunond (1849). Pfliiger (1859) studied the 
effects of constant current on ner\m vnth extreme care and found that 
during the passage of the current there was a lowering of the threshold 
to induction test stimuli at and near the cathode, while the threshold to 
such stimuli was raised at and near the anode. The magnitude of the 
effect was found to be a function of the proximity of the point tested 
to the constant current electrode and of the strength of the applied current. 
When the constant current was internipted the eft'ects at both anode and 
cathode were reversed. Pfliiger concluded that the electrotonic changes 
of excitability were the essential phenomena of excitation. Some recent 
workers, Bishop and Erlanger (1926), Bishop (1928a, b), Erlanger and 
Blair (1932), Bogue and Rosenberg (1934), Rosenberg (1937), associate 
the excitation phenomena with the development of electrotonus at the 
cathode. Hill (1936) and his co-workers have, however, postulated the 
existence of excitatoiy processes which are independent of electrotonic 
phenomena. 

As experimental data have accumulated, theories of excitation have 
been developed in an attempt to coordinate the data. Among them may 
be mentioned the theories of DuBois Reymond (1849), Nemst (1908a, b), 
Lapicque (1926), Blair (1932), Rashevsk}’- (1933), Monnier (1934) and 
Hill (1935, 1936). Ml the earlier ones have proven inadequate since 
they apply only to particular cases. The theories of Hill, Monnier and 
Rashevsky attempt to treat mathematically the general phenomena of 
excitation in terms of two processes. At the cathode one process is rapid, 
tending to excitation, and the other is slower, giving a recovery, inhibition, 
adaptation or accommodation, while opposite effects are produced at 
the anode. Offner (1937) and Yoimg (1937) found that where the in- 
tensity-time relations for any type of stimulating current were concerned 
the theories of Rashevsky and Hill were identical. Rushton (1937) 
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showed that the same second order differential equation expressed the 
assumptions of both Hill and Monnier. When extended to include the 
formulations of Rashevslcy and Young (1937), the equation becomes 


(fe 


dd 


^^2 "J" ^ 2 ) ^ + {IciiJczi — hizlt2t)6 


— {B — A) {AQczi + /i-m) ~ B(}tu + ^12)] I, ( 1 ) 


where 0 is the difference between the excitability at any time and that 
at rest, 0 = (U — V) — (Uo — Vo) as given by Hill, hn, hti, fei and kn 
as given by Young are velocity constants, and / is the applied current. 
From Hill, kn = —l/k; k^z = — 1/X; kiz — 0; hi = 1//3,' A = C;B = 0, 
and similar identifications are found from Rashevsky and Monnier. It 
is obvious by inspection that the term in J is necessary for an electrotonus 
to be established after a sufficient length of time, but this term also re- 
quires an excitation by sufficiently large currents — no matter how slowly 
they rise (cf. Cole, 1933). 

All the authors have treated the minimal current gradient by making 
the coefficient of I zero and excluding elcctrotonus from the formulation. 
These theories require that the thre.shold be independent of any constant 
direct cuiTcnt and that the alternating current threshold approach infinity 
as the frequenc}^ approaches zero, while the threshold for anode break 
must be the same as for cathode make. According to the theories a break 
response must occur after the current has flown for some time, 200 m.sec. 
or longer. The absence of a break re.sponse cannot be explained by the 
recent theories. 

An extensive group of experiments jierformed on the circulated frog’s 
sciatic-gastrocnemius showed that it was nearly impossible to secure 
break responses after constant currents had flowed for inten’^als of one 
quarter to five seconds. Break responses were obtained only with currents 
of injurious strength or after the circulation had been impaired. In the 
same preparations the make responses were usualty tetanic even vnth 
stimuli of threshold strength. These responses showed that the constant 
current was effective as a stimulus over relatively long time intervals. 
Such results suggested the studj’’ of the action potentials of the nerve 
itself under .similar conditions. The cathode ray study showed that the 
nerve was responding repetitively to the constant current. These diver- 
gences from the theoretical predictions and the frequentlj’’ recorded re 
sponses of excised nen’-e (Bishop and Brianger, 1926; Bishop, 1928b; 
Erlanger and Blair, 1932), indicated the desirability of studying the 
adequately circulated sciatic nerve when subjected to the passage of 
constant current. 
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Materials and methods. The test shock method of Bishop (1928b) 
and Erlanger and Blair (1932) was used to measure the excitability of the 
alpha fibers of the frog’s sciatic nerve during and after the passage of 
direct current. The Pickerel frog was used exclusively. All frogs were 
equilibrated to temperatures between 20° and 23°C. for at least one week 
before experimentation and all data were obtained at the same tempera- 
tures. For stimulation and recording the action potential the nerve was 
either exposed in the animal, or excised and placed m a moist chamber 
as desired. In the chculated animals, spinal section was performed under 
ether anesthesia two or more days before use. Hemorrhage was kept 
minimal. 

The constant currents (two megohms in series with the stimulating 
electrodes) and test shocks were applied through the same pair of electrodes 
spaced one centimeter apart. A relay that opened a series of contacts 
tripped the cathode ray sweep and applied both stimuli. A suitable 
micrometer adjustment permitted the application of the test stimulus at 
any time from 2 msec, before to 15 msec, after the make of the constant 
current. Silver-silver chloride electrodes were used for stimulation. 
An accessory circuit, which included a galvanometer that could be short- 
circuited, permitted balancing any polarization potential at the stimulating 
electrodes. After conduction through about 3 cm. of nerve the action 
potentials were led to a resistance-capacity coupled amplifier, provided 
with a differential input (Toennies, 1938), which amplified them for ob- 
servation and measurement on the oscillograph. 

The half maximal alpha spike (Erlanger and Gasser, 1924, 1937), served 
as the index of nerve activity. The test voltage required to evoke the 
half maximal response was recorded and the rheobasic constant current 
determined. Then the constant current was adjusted to the desired sub- 
rheobasic value and applied together vdth a test shock at the desired time 
in relation to the constant current make. The test voltage was now ad- 
justed to just produce a half maximal response in the presence of the 
constant current. The required test voltage was expressed as percentage 
of the test voltage necessary to evoke a half maximal response when 
appKed alone. 

Experimental results. Excised nerves. Nerves that were removed 
from the animal and immediately placed in a moist chamber showed 
clearly the inability of the constant current to maintain a constant level 
of altered excitability with increasing durations of current flow. The 
adjustment of the nerve to the constant current was, however, very seldom 
complete; that is, the excitability remained at a level different from the 
resting condition throughout the time of current passage. Figure 1 shows 
clearly the magnitude and time course of these excitability changes at 
both electrodes as functions of the applied constant current strength. It 
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should be recalled that at the cathode the excitability is increased while 
at the anode it is decreased. The maximum effect of the subrheobasic 
constant current is attained bet^veen 0.5 and 1 msec, after its make and 
the effect begins to decline after about 2 msec, of current flow. This 
decay of the electrotonic state may be considered as an inhibition, adapta- 
tion, or accommodation. 

In order to establish a method of measuring these variations of the 
electrotonic state it is necessaiy to consider briefly the data from circulated 
nerves (fig. 3). When, in the circulated nerve, the strength of the test 



Fig. 1, Ex'cised nerve. Time course of excitability at anode and cathode of sub- 
rheobasic constant currents, as measured by the test shock method. 

Abscissae: Time of application of test shock in relation to constant current make. 

Ordinates: Test shock strength as percentage of the test shock which, when 
applied alone, evokes a half maximal alpha action potential. 

shocks required to evoke a half maximal alpha spike, in the presence of 
constant currents, is plotted against the strength of the constant currents, 
expressed in rheobases, the points fall on a straight line (fig. 2, circulated 
nen'^e). This line represents the summation of the test shock and constant 
current and it passes through the origin where the test shock is just strong 
enough to evoke a half maximal alpha spike with zero constant current 
and through the point on the axis of constant currents where this is just 
strong enough to evoke a half maximal response with the test shock zero 
(fig. 2, circulated nerve). It is seen, therefore, that in the circulated 
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nerve over a range of constant currents from 50 to 100 per cent of rheobasic 
the test shock increment is directly proportional to the constant current 
decrement or that the converse is true. It is also e\T.dent (fig. 2, circu- 
lated nerve) that in the circulated nerve regardless of the duration of 



Fig. 2. Comparison of excised and circulated nerve. 

Abscissae: Constant current strength at anode and cathode in rheobases. 
Ordinates: Test shock strength. For the excised nerve, the point of intersection 
of the line through the test shock strength and the abscissa of i maximal constant 
cuiTcnt strength is a measure of the magnitude of the “decay of electrotonus.” 

1, 12, etc. is the time of application of the test shock after constant current make. 
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the constant current, up to one second, the points fall on the same straight 
line. There is, therefore, no evidence of a decay of the electrotonic state 
from its maximal value during the time inteirvals studied. The test shock 
is then a valid measure of the state of the electrotonus produced by con- 
stant cun-ents of strengths vaiying from 50 to 100 per cent of rheobasic 
and of durations up to one second. Under conditions such that the electro- 
tonic state rises and falls, the fall will be indicated by a rotation, toward 
the axis of 100 per cent test shock strength, of the line through the point 
having as its coordinates, test shock strength, and constant current strength 
used (fig, 2). When there is no rotation, that is w'hen the experimental 
points fall on the line passing through the origin (100 per cent test shock 
strength, 0 constant current) and the half maximal constant current 
intercept, the decay of electrotonus, inhibition, adaptation or accommoda- 
tion will be zero, "When there is complete rotation, that is, to the axis of 
100 per cent test shock strength, the decay of electrotonus vdll be complete 
or 100 per cent. Intermediate stages in the decay of electrotonus will 
be represented by points that fall between the above limits. If the line 
through these experimental points is projected back to the half maximal 
constant current intercept the magnitude of the decay of the electrotonic 
state is exipressed as the percentage of a half maximal test shock that 
would sum with a constant current, w^hich was originally half maximal 
in strength, to produce a half maximal response. In percentage the 
value is the same for other constant current strengths since it has been 
shown that the summation cunm is essentially linear. 

The responses of excised ner\ms to subrheobasic constant currents 
of varied durations may now be considered. Figure 2 (excised neiwe) and 
tables 1 and 2 give details of the responses of excised nerve as the strength 
of the constant current and its duration are varied. As early as 1 msec, 
after the constant current make there is some decay of the electrotonic 
state in excised nerves as is e^^denced by the failure of the electrotonus to 
reach its theoretically maximal value. From figure 1 the time required 
for the electrotonus to decay to one-half its maintained level (level at 12 
msec.) can be measured. These times are at the cathode for 50 per cent 
of rheobasic constant current 2.7 msec., for 75 per cent of rheobasic current 
2.3 msec., and for 90 per cent of rheobasic cuiTent 2.2 msec. At the anode 
the corresponding times are 2.8, 1.8 and 2.0 msec. 

Study of figures 1 and 2 and tables 1 and 2 shows that these excised 
nerves exhibit excitability changes in the presence of subrheobasic constant 
currents w^hich are comparable to those found by Erlanger and Blair 
(1932). The decay of electrotonus may be considered equivalent to the 
accommodation of -Hill (1936) and is never complete. Neither are the 
mirror image excitability changes at the anode and cathode, requhed by 
the theories (Rashevsky, 1933; Monnier, 1934; Hill, 1936) to be found. 
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The cathodal decay of electrotonus is always greater than the anodal. 
In as much as electrotonus has been shown to be affected by temperature 
(Eichler, 1933), low temperatui'es (about 5°C.) decreasing it, the tem- 
perature has been maintained in all experiments at about 22°C. Also the 


TABLE 1 

Accommodation in excised nerve in relation to the constant current strength and time of 

current flow 


CONSTAKT CURRENT 
STRENGTH IN RHEOBA8ES 

TIME AFTER CONSTANT 
CURRENT ilANE IN MSEC. 

PER CENT ACCOMMODATION 

1 Cathode 

j Anode 

0.5 

1.0 

18 

i 

24 

0.75 

1.0 

26 

26 

0.9 

1.0 

12 

22 

1.0 

1.0 

6 

30 

0.5 

12.0 

70 

64 

0.75 

12.0 

66 

58 

0.9 

12.0 

72 

50 

1.0 

12.0 

1 

74 

54 

0.5 

1,000.0 i 

70 

64 

0.75 

1,000.0 

86 

66 

0.9 

1,000.0 

82 

50 

1.0 

1,000.0 

86 

54 


TABLE 2 


Excised, nerve showing the co^irse of aecommodation in relation to the duration of the 

current 

This is a case of very marked accommodation 


CONSTANT CURRENT 
STRENGTH OF RHEOBASE8 

TIME AFTER CONSTANT 
CURRENT MAKE IN MSEC. 

PER CENT ACCOMMODATION 

Cathode 

1 

Anode 

0.8 

1.0 

0 

10 

0.92 

1.0 

4 

10 

0.8 

8.0 

68 

44 

0.92 

8.0 

83 

44 

0.8 

1,000.0 

100 

72 

0.92 

1,000.0 

100 i 



time constant of accommodation (Solandt, 1936; Katz, 1936), and the 
blood calcium (De Boer, 1917), are markedly influenced by temperature. 
The maintenance of the temperature at a nearly constant level should 
materially reduce variations of these factors. Since the temperature 
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maintained was relatively high the development of both electrotonus and 
accommodation should be favored (Hill, 1936; Solandt, 1936). 

It should be emphasized that the data thus far presented deals with 
the responses of excised nerves not washed or soaked in any physiological 
solution. These nerves show decay of electrotonus to a marked extent 
although subjected to no alteration of ionic environment other than that 
induced by removal to the moist chamber. The extent to which pH and 
factors dependent on it are altered is unknown and not .subject to control. 

The differences in the responses of these nerves and the circulated ones 

0 



Fig. 3. Circulated nerve. Irritability at anode and cathode in the presence of 
50 per cent, 75 per cent and 91 per cent of rheobasic constant currents. Compare 
with figure 1. 


to be discussed next indicate that no small amount of change takes place 
in the ner^m upon removal from the normal ionic medium maintained in 
the living animal. 

Nerves 'provided 'with circulation. Studies were made on nerves in situ 
with the circulation maintained as nearly normal as was possible under 
experimental conditions. Although preparation for stimulating and re- 
cording led to some hemorrhage it was possible to maintain a reasonably 
good circulation when the operational procedures were kept at a minimum. 
The responses of circulated nerves to constant currents are .sho^vn in 
figures 2, 3 and 4. The details of the time course and magnitude of the 
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electrotonic state are shown in figure 3 which should be compared with 
figure 1 where similar data are presented for excised nerves. Figures 
2, 3 and 4 demonstrate forcibly that there is essentiall}’’ no decay of the 
electrotonic state, that is, no accommodation, hi circulated nerves sub- 
jected to subrheobasic constant currents. Figure 3 shows clearlj’- the 
marked depression of excitabihty developed at the anode when currents 



Fig. 4. Circulated nerve. Accommodation in circulated nerve. See text for 
.detailed discussion. 


of long duration are applied. Study of the figures will reveal other dif- 
ference in the magnitude and time relations of the electrotonic states of 
the anode and cathode. An increase of the excitability at the cathode 
with currents of long duration sometimes occurs but this is never equal 
in magnitude to the anodal depression developed in the same nerve under 
the same conditions. Figure 4 gives data for currents increasing from 
subrheobasic to half maximal in strength. Compare the linear effects 
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produced at the anode by currents over this range vdth the effects of the 
same currents at the cathode. The deviation from the linear relation at 
the cathode is to a large extent owing to the fact that the test stimulus 
falls in the refractory period of the ner\m which follows its response to 
the constant current. Such interference bj’’ the refractory period begins 
as soon as the constant current is of threshold strength for any fiber in 
the nerve trunk. Since the response of these circulated neiwes to the 
constant current is repetitive the interference persists as long as the con- 
stant current is applied. Therefore, the test shock is increased in strength 
and the extent of the increase is largely determined by the point at which 
the shock falls in the refractor^’’ period following a response to the constant 
current. jSIo responses have been obtained from circulated nerves on the 
break of constant currents allowed to flow for one second or longer. Figure 
5 shows the excitability changes follovung the interruption of constant 
cuiTents of 1 sec. duration and supplies a reason for the absence of the 
break response. The anodal depression is seen to disappear rapidly, at 
first and then much more slowly without, however, passing through a 
stage of increased excitability which could give rise to a break response. 
This is in marked contrast to the readily obtained break response of excised 
nerves and is in itself e^'idence for a negligible accommodation in circulated 
neiwes. Note the marked differences in the time courses of decay of the 
electrotonic state at the anode and cathode (fig. 5). 

All the data obtained from circulated nerves indicated that when the 
circulation to the nerve was adequate no decaj’’ of the electrotonic state 
would occur. The experiments of Liesse (1938a, b) point in the same 
direction. In a few circulated preparations where no accommodation 
occurred (curves identical vith fig. 3) ligation of the blood vessels to the 
nerve brought about a response identical with that of excised nerves 
(fig. 1) in 10 to 30 minutes. 

Excised nerves soaked in various media. The effects of soaking excised 
nerves (see fi^. 1 and 2 and tables 1 and 2) in Ca"*^ and before 
applying the constant current are summarized in table 3, Soaking the 
nerve in Ca"*^ rich Ringer brings about a response very like that of 
the circulated nerve except that the anodal depression is frequently much 
more pronounced. The decay of electrotonus, accommodation, is much 
less than in imsoaked excised nerves. Compare these effects of added 
Ca"^ vnth the results of P. H. and M. Benoit (1937) on the removal 
of Ca"^ by citrate injections in pithed frogs. An opposite effect is 
obtained when the nenms are soaked in rich Ringer. The magnitude 
of the decay of electrotonus, accommodation, is increased and the time 
to half accommodation is shortened. In a freshly excised ner\m the time 
to half accommodation was 3,8 msec, at the cathode and 3.7 msec, at the 
anode. Soaking this nerve in excess reduced these times to 2.6 msec. 



TEST SHOCK STRENGTH % OF INITIAL HALF MAXIMAL 
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Fig. 5, Circulated nerve. Irritability changes on the break of a constant current 
of one second duration in circulated nerve. 


TABLE 3 

Comparison of the per cent accommodation in unsoaked excised nerve and in the same 
nerve after soaking in Ringer containing excess or excess 


TIME ATTEE CONSTAKT 
CUBBENT MAKE IN 
MSEC, 

1 PEB CENT ACCOMMODATION 

PBEVIOUS TBEATMENT OF 

THE NEBVE 

1 

Cathode 

Anode 

■ra 

40 

44 

Excised nerve unsoaked 


60 

60 


1,000.0 

76 

60 

i 


1.0 

12 

12 

Same nerve after soaking 

12.0 

0 

0 

in excess Ca"^ 

1,000.0 

-16 

-120 1 


1.0 

20 

58 

Nerve from opposite side 

4.0 

92 

76 1 

after soaking in excess 

12.0 

92 

82 ! 

K+ 

1,000.0 

100 

100 
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at the cathode and 2.7 msec, at the anode. The exact role of potassium 
is difficult to determine since Chweitzer (1935) and Bouman (1937) have 
found that it decreases catelectrotonus while Hill and Solandt have found 
that it decreased the time constant of accommodation. It is not possible 
to assign values to these two effects from the data of the present 
experiments. 

It is probable that the Ca'^/K'^ ratio is more important in the 
normal functioning of the nerve than the absolute amounts of either. 
Lehmann (1937a and 1937b) has found a close correlation betumen the pH 
and the Cvi^/K^ ratio. The pH was not controlled in these experi- 
ments and the extent to which alterations of pH may have altered the 
Ca++/I£+ ratio is unknown. The data obtained on the effects of 
Ca'*”’’ on the threshold for electrical stimulation are in agreement with 
the findings of Lehmann. Neither Hill’s normal Hinger, used by Solandt 
(1935), nor that of Kato (1934) maintained the neiwe so that the electro- 
tonic phenomena were the same as in the circulated nerve. It is probable, 
therefore, that the circulation maintains the pH and the Ca’^/IT^ ratio 
about the neive so that decaj’’ of electrotonus, accommodation, does not 
occur. Similarly the removal of the nerve from the bodj’’ to a moist 
chamber alters the pH and the Ca'^/K'^ ratio in such a way that ac- 
commodation is the usual response. 

Conclusions. In experiments performed on the frog’s sciatic nerve 
the excitability of the alpha fibers, during the passage of subrheobasic 
constant currents, has been investigated by the test shock method (Er- 
langer and Blair, 1932a, b), using the half maximal alpha action potential 
as the index of the ner\’-e’s activity. It has been shown that vdth a par- 
ticular duration of the constant current there is a linear or nearly linear 
relation between the strength of the required test shock and the strength 
of the constant current (figs. 2 and 4). In view of this relationship the 
variations of excitability are adequately measured by variations of the 
required test shock. The excitability of the nerve at any moment as 
measured by the test shock strength may conveniently be expressed as 
percentage of the test .shock strength which, when applied alone, gives a 
half maximal response. The excitability so measured is proportional to 
(j-e) of Rashev.sky (1933, 1938) or to (U-^O of Hill (1936). 

The alterations of excitability that follow the application of subrheobasic 
constant currents have been measured in excised and in circulated nerve. 
The excitability change attains a maximal level shortly after making 
the constant current and, in the excised nerve, returns toward the resting 
level as the duration of the current is prolonged (figs. 1 and 2 and tables 
1 and 2). This return toward the resting condition has been called the 
“decay of elcctrotonus” but it may equal^’’ well be considered as inhibi- 
tion, adaptation or “accommodation” in the sense of Hall (1936). The 
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magnitude of the decline of excitability is a measure of the amplitude of 
accommodation and the magnitude of the final level of the altered ex- 
citability is a measure of the maintained electrotonus. Since, in freshly 
excised nerves, there was always some maintained electrotonus and since 
there were striking differences in its magnitude at the anode and cathode 
the complete accommodation and the mirror image relations of the anode 
and cathode, demanded by the two factor theories (Rashevsky, Monnier, 
Hill), were not found. 

In circulated nerves the electrotonic state was maintained throughout 
the time of constant current passage. Usually it increased in magnitude 
with long durations particularly at the anode. This indicated that in 
circulated nerve accommodation is zero. The repetitive response of 
circulated nerves to suprarheobasic constant currents and the absence 
of a break response support this concept. Since it can be concluded from 
these observations that accommodation is essentially a property of excised, 
uncirculated nerves the two factor theories of excitation, which can all be 
shown to be identical and to require 100 per cent accommodation, must 
be altered to include an added term. This term in I (equation 1) has 
always been made zero theoretically and occasionally experimentally 
(Hill, Solandt, Lucas), and has been justified by the liminal gradient ex- 
periments of von Kries (1884a, b) and Lucas (1907). Since the present 
experiments and those of Liesse (1938a, b) suggest that the liminal current 
gradient and accommodation are properties of excised nerve the two factor 
theories must now include the term in I in order to explain the responses 
of both excised and circulated nerve. Under these conditions Hill’s 
methods for measuring the time constant of accommodation (X) do not 
apply. These experiments, therefore, strongly suggest the need for the 
investigation of other aspects of nervous activity in the presence of an 
adequate circulation before the data obtained from excised nerve is used 
too freely in interpreting normal nervous function. 

SUMMARY 

The excitability of the alpha fibers in the frog’s sciatic nerve during 
the passage of a subrheobasic constant current has been measured by 
determining the strength of a short test shock necessary to evoke half 
maximal alpha spike potentials. As found by other investigators, the 
alteration of excitability in excised neiwes is maximum at about one milli- 
second after the application of a constant current and usually falls to a 
steady value other than zero. The decrease and the final value of ex- 
citability are measures of the amplitude of accommodation and electro- 
tonus respectively. 

Excised nerves not exposed to Ringer’s solution show both accommo- 
dation and electrotonus. Ringer’s solution containing excess Ca”^ 
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reduces the amplitude of accommodation and may make it zero or nega- 
tive, but excess increases the amplitude of accommodation and 
shortens the time to half accommodation. 

Ner\ms with intact circulation in spinal animals show a negligible ac- 
commodation up to one second after application for currents 50 to 90 
per cent of rheobasic. After the circulation is blocked or during anes- 
thesia, the amplitude of accommodation becomes comparable to that of 
excised preparations. 

In all preparations the effects at anode and cathode are not mirror 
images of each other. When present, accommodation is always less at 
the anode than at the cathode, and negative accommodation in circulated 
preparations and excised preparations subjected to excess Ca-1 — h is more 
marked at the anode. 

If other e.xperiments also demonstrate that accommodation is negligible 
under nearly normal physiological conditions, it should be considered 
as an abnormal alteration of electrotonus, excitability or threshold which 
is characterized by an amplitude as well as a time constant. The two 
factor theories of excitation allow this viewpoint if the minimal gradient 
and allied phenomena may be classified as abnormal. 

The author \vishes to express to Dr. K. S. Cole appreciation of his 
pertinent criticism of this paper and to extend to the Department of 
Physiology thanks for the facilities provided during the course of the work. 
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The pressor effects of renin can be diminished by the previous adminis- 
tration of an extract of the kidneys and such extracts also reduce the blood 
pressure of rats with hypertension caused by the removal of renal tissue 
(1). The purpose of the present study was to determine whether a simi- 
lar effect could be induced in other types of renal hypertension. For this 
purpose dogs with hypertension due to renal ischemia (2) were employed. 
Such animals differ from the h 3 'pertensive rats previously studied in sev- 
eral respects: the amount of functioning renal tissue is greater, and the 
duration of the hypertension is longer in such dogs than in the rats; renal 
ischemia is present in the dogs but absent, according to the best available 
evidence (3), in the rats. 

Methods. Hypertension was induced in a series of dogs® by the aj)- 
plication of clamps to the renal arteries according to the procedure de- 
scribed by Goldblatt, Lynch, Hanzal and Summeiedlle (2). The mean 
blood pressure was measured directly on the unanesthetized animals bj*^ 
puncture of the femoral artery with a needle attached to a mercury 
manometer. In all instances numerous daily measurements were made 
before, during and after treatment. 

Renal extract was purified and concentrated according to the procedures 
described elsewhere (4). A total of eight dogs were treated by intra- 
peritoneal or intravenous injection of the concentrated renal extract, each 
animal receiving several injections during the period of one to four days 
and treatment then being withheld for one or more weeks. Most of 
these animals received several such courses of treatment. Ten animals 

^This work v.'as aided by grants from the Josiah Maey Foundation and from Mr. 
Joe Werthan. 

- Reported before the Cleveland Academ 3 ’^ of Medicine, September 15, 1939. 

’We are indebted to Dr. Alfred Blalock for his kindness in allowing us to use 
several of his animals and for supplj'ing us with the facilities of his laboratorj' for 
the operations on the remaining dogs. 
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were also given renal extract either with the food or in most instances by 
stomach tube three to five times daily for a period of one day to two weeks, 
the blood pressure being measured one or more times per day during and 
after the course of therapy. 

All the extracts used in the present work were first assayed on rats. 
As a prelimiaary unit we have utilized that amount of extract which will 
cause a reduction of 50, 35 and 25 mm. in rats having initial blood pres- 
sures of 200, 175 and 150 mm. of mercury, respectively. The amount of 
extract administered to each dog varied from 5 to 200 times this unit. In 
general, it was found that the dog requires about thu-ty to fifty times as 
much extract as does the rat in order to produce a comparable reduction 
in blood pressure. This is in accord with what one would anticipate from 
the relative surface areas of the two species. 

Results. Parenteral therapy. Each of the eight dogs which received 
renal extract by the intravenous or intraperitoneal route exhibited a 
decline in blood pressure. This appeared within 6 to 24 hours after insti- 
tuting therapy and pemisted for several days after treatment had been 
discontinued. The degree of decline in blood pressure varied markedly 
in different animals, the greatest diminution being approximately 60 mm. 
and the smallest 20 mm. In most instances the pressure began to increase 
ivithin two to three days after the cessation of therapy, increased rapidly 
to a level somewhat less than that of the control period and then gradually 
rose during one or more weeks, the control level being finally reached in 
some animals but not in others. 

In most instances the treated animals exliibited untoward symptoms. 
On several occasions severe collapse occurred but more frequently the 
animals displayed weakness, apathy and vomiting. Two of the animals 
treated parenteraliy displayed only the mildest toxic symptoms, but the 
dechnes in blood pressure were just as great in these animals (fig. lA) 
as in those showing more striking toxic effects. 

It is well known that all tissue extracts may contain toxic and depressor 
substances. The immediate decline in blood pressure occurring within a 
few hours after the administration of renal extract might justifiably be 
ascribed to such nonspecific substances and until the preparations can 
be further purified there can be no certainty as to whether the obser\md 
diminution in blood pressure was dependent on the administration of 
toxic agents or of some specific renal substance which is lacking in hyper- 
tensive animals. For these reasons the parenteral route of administra- 
tion was abandoned when it was found that oral administration was effi- 
cacious in reducing the blood pressure, for it would seem that the dis- 
advantage of having to use larger amounts of extract was more than offset 
by the reduced likelihood of obtaining non-specific depressor effects. 

Oral therapy. Fourteen courses of treatment were given to ten dogs. 




Fig. lA. Intravenous injection of renal extract was followed by a decline in mean 
blood pressure of approximately 40 mm. After treatment ceased the blood pressure 
rose slowly and declined again when therapy was resumed. During treatment the 
animal vomited occasionally and was slightly apathetic. 

Fig. IB. Slight reduction of blood pressure following the oral administration of 
renal extract was accompanied by no symptoms. As the dose was increased and the 
pressure declined further uremia and death occurred. 
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In ten instances a decline of blood pressure of 20 ram. or more below the 
average pre-treatment level was observed. In one experiment the blood 
pressure declined but so slightly (15 mm. of mercury) as to be of doubtful 
significance. In the remaining three instances no appreciable change in 
pressure occurred. These three animals received each a total dose of 
less than twenty units. The total dose in all of the other animals was 
fifty units or more. 

We had hoped that oral therapy, if successful in reducing the blood 
pressure, would not be attended by toxic effects. However, such was 
not the case, administration of large doses of extract often inducing un- 
desirable symptoms. The usual phenomena displayed Avere apathy and 
weakness. One of the ten dogs vomited frequently, five others vomited 
occasionally during treatment, and the remainder did not vomit. One 
of the dogs which displayed marked decline in blood pressure developed 
uremia and died. In two other animals which displayed a decline in 
blood pressure imder treatment and well marked weakness and apathy, 
measurements of the non-protein nitrogen of the blood revealed minimal 
evidence of renal insufficiency. It was observed that those animals 
which had the highest initial blood pressures and hypertension of the 
longest duration, usually displayed the most marked symptoms of in- 
toxication during treatment. Three dogs with mild hypertension ex- 
hibited no toxic symptoms at all either during or after treatment, in spite 
of a well marked diminution in blood pressure. However, the toxic 
symptoms were not entirely due to dechne in blood pressure for two of 
the three animals which received minimal doses and had no decline in 
pressure also displayed mild untoward symptoms. 

In figures IB, 2A and 2B are reproduced typical experiments showing 
the changes in blood pressure following oral therapy with renal extracts. 
The control values cited on the figures before therapy were in the range 
of those observed for many weeks previous to the therapy and show the 
general range of unavoidable variation in the daily readings. 

The dog of figure IB promptly responded to the administration of 
extract with a reduction from an average of about 175 mm. to 150 mm. 
without any obvious detrimental effect on the animal. When the ad- 
ministration of the extract was continued and larger doses were used a 
further faU in blood pressure to the normal value of 120 mm. occurred on 
the seventh day of treatment. At this time manifestations of uremia were 
observed and the animal died 24 hours later. 

In figure 2A is shown the result of an experiment in which the animal 
showed symptoms of apathy and vomiting when the blood pressure had 
declined from its original value of 190 to 163 mm. Wben therapy was 
discontinued and the pressure rose to 175 the symptoms disappeared 




Fig. 2A. The administration of renal extract by mouth was followed by a prompt 
although slight decline in blood pressure and by weakness and vomiting. 

Fig. 2B. Large doses of a relatively inactive extract produced no symptoms and 
no decline in blood pressure. When a more active extract was administered the 
blood pressure declined about thirty millimeters and mild untoward symptoms 
occurred. After treatment was discontinued the blood pressure gradually rose to 
the original level. 
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and the animal remained symptom-free on the following days, despite the 
reduction in blood pressure below the pre-treatment values. 

Figure 2B reproduces the results obtained on an animal to which large 
doses of relatively inactive extracts (as assayed on rats) were first adminis- 
tered without any appreciable change in the blood pressure. The volume 
of extract administered and its content of contaminating substances 
present were essentially those present in the potent extracts. The fact 
that no symptoms were induced by this procedure would indicate that 
these are — in part — results of the decline in blood pressure rather than 
entirely due to any impurity present in the extract. 

Discussion. The observations which have been cited indicate clearly 
that the administration of properly prepared and concentrated extracts 
of normal renal tissue either parenterally or orally may cause a definite 
decline in blood pressure of dogs -with hypertension due to renal ischemia. 
However, since the diminution obtained by the parenteral route of ad- 
ministration was accompanied by some abnormal s 3 miptoms in all of the 
animals and by severe illness in some of them, there is a definite possibility 
that the effects observed in this group of experiments may have been due 
to toxic and non-specific depressor substances. Such an objection is, 
however, less applicable to those experiments in which the renal extract 
was administered orally. Here again certain untoward manifestations 
sometimes occurred. There is, however, reason to believe that these 
undesirable symptoms were partly the result of the decline in blood pressure' 
rather than entirely due to any toxic effect of the extracts. 

In animals with highly elevated blood pressure any appreciable drop 
in this pressure must result in a deficient blood supply to the kidney, due 
to the presence of the clamp. A further factor to be considered is the 
generalized arteriolosclerosis which is Icno-vvn to follow long-standing 
experimental arterial hypertension. A subsequent reduction in blood 
pressure in such an animal would necessarily result in ischemia of the 
tissues. The effects of this ischemia in the neivous system and other 
vital organs would account for the untoward symptoms observed when 
the pressure was appreciably lowered in animals with long-standing hyper- 
tension of high degree. 

One point merits especial emphasis. The phenomena described in 
the dog — namely, the decline in blood pressure to a noimal level without 
untoward symptoms when the hypertension was mild, but severe symp- 
toms and even death associated with the decline in pressure when the 
hypertension was more severe — are quite like those which we have already 
described in the rat (1). This similarity in response constitutes further 
evidence that the hypertension due to renal ischemia and that due to a 
deficiency of renal tissue are results of some common underlying renal 
disorder. 
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SUMMARY 

A series of 18 hypertensive dogs were treated with renal extracts. The 
blood pressure of these animals was appreciably reduced, normal values 
being attained in some cases. Severe untoward symptoms accompanied 
this reduction in many cases. The bearing of these findings on certain 
aspects of the problem of renal hypertension has been discussed. 
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The relation of creatine excretion to age and sex differences in man, and 
to species and sex differences in animals, is generally kno\vn. Children 
of both sexes and adult women excrete creatine, even while on a creatine- 
free diet, while adult men do not. The capacity to retain exogenous 
creatine is much greater in men than in women or children (Hunter, 1928). 

In view of the above findings and those of Read (1921) and McNeal 
(1922), who have shown that eunuchs excrete creatine, interest has been 
focussed on the problem of whether a hoimone or a lack of a hormone is 
responsible for the creatinuria. However, Tsun-Chee-Shen and Lin 
(1927) observed a creatinuria in but 1 of 9 eunuchs. 

Kun and Peczenik (1932) have induced a creatinuria in rats when 
castrated post-puberally and which was subsequently suppressed by a 
urinary androgen (Proviron). Buhler (1933) has been successful in re- 
ducing the creatinuria occurring in alleged sexual hypofunction by the 
administration of androgen. Remen (1932) has shown that creatine 
retention is impaired in old age and castration. Retention can be improved 
by androgen or gonadotropic factor (Nitzescu and Gontzea, 1937). 

Recently, Kenyon et al. (1938, 1940) have markedly reduced the cre- 
atinuria occurring in a eunuchoid, as a result of daily ingestion of creatine, 
by giving 25 mgm. testosterone propionate per day. In rats (Coffman 
and Koch, 1940) no creatinuria occurs after castration, nor is the capacity 
to retain exogenous creatine reduced below that of normal rats. The 
creatinuria, however, which is induced by feeding creatine, can be greatly 
reduced by the administration of testosterone propionate. 

Koven, Beard (1939, 1940), Pizzolato and Beard (1939) have performed 
a long series of experiments on rats. They have observed a creatinuria 

1 Aided in part by a grant from the Rockefeller Foundation, administered by Dr. 
Philip E. Smith. 

* University Research Fellow, College of Physicians and Surgeons, Columbia 
University, 1938-1939. 
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after castration in both males and females. Curiously enough they 
report that a creatinuria was also produced by injecting testosterone, 
estrogen, anteiior pituitary extracts, cortin, saline and water. 

Tsun-Chee-Shen (1927), Sandberg, Perla and Holly (1938) have failed 
to obseia’^e any change (in dogs and rats) in creatine excretion as a result 
of castration. Kochackian and Murlin (1935) did not observe a creati- 
nuria in castrated dogs on a creatine-free diet, but did when the dogs were 
on a diet containing creatine. 

Experiment^vl. The experiments reported here arc concerned vith 
the relation of androgen and castration to creatine metabolism in the 
monkey. Nine male rhesus monkeys (Macaca mulatta) were used in 
this study, with each animal serving as its own control. They were kept 
in individual metabolism cages and on a diet practically free of creatine 
(consisting of frnsh fruits and vegetables and a boiled egg thrice weekly). 
Twenty-four hour samples of urine were analyzed for creatinine and 
creatine according to the methods of Folin (1914) and modification of 
Benedict and Myers (1907) respectively. Each determination was done 
in duplicate; the creatinine values are expressed in milligrams and the 
creatine in milligrams creatinine. 

The animals were castrated under ether anesthesia with sterile technique. 

Creatine retention tests were performed in the following manner: 227 
mgm. creatine hydrate (200 mgm. creatine), dissolved in sterile saline, 
were injected intraperitoneally. Two specimens of urine were collected, 
one after 24 hours and the other after 48 hours, and the total amount of 
creatine excreted was expressed in percentage excretion. On the average, 
two creatine retention tests were done for each procedure. 

Testosterone propionate and esti-adiol benzoate were injected intra- 
muscularly in sesame oil, and the human chorionic gonadotropin (PU.),® in 
sterile saline, was given subcutaneously. 

Since glucose and acetone bodies interfere with the Jaffd reaction, the 
urine was tested qualitatively for these substances at various intervals, but 
in no case were these substances found. 

Veiy careful records of the food intake were made during a considerable 
part of this study, but no correlation could be made between the creatine 
and creatinine values and the type and quantity of food, and no effect 
was observ’^ed after egg feeding. 

Creatine excretion in immature monkeys. Immature monkeys normally 
excrete creatine as well as creatinine. Three of the four monkeys showed 
a creatinuria while the other excreted creatine for only two days during 

® Perandren was supplied by Ciba Pharmaceutical Products, Inc., through the 
courtesy of Mr. E,. C. Mautner; Progynon B by Schering Corporation, through the 
courtesy of Dr. Erwin Schwenk; and Follutein by E. R. Squibb & Sons, through the 
courtesy of Dr. J. A. Morrell. 
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the control period. '’RHiien given creatine retention tests, these animals 
did not retain more than 30 per cent and excreted the remainder. 

The injection of testosterone propionate or human chorionic gonadotropin 
results in the abolition of the creatinuria, and increases the capacity to 
retain exogenous creatine (table 1). 

Monkeys 1 and 2 (3.8 and 3.3 kilo) were both immature monkeys with 
inguinal testes. Monkey 1 excreted during a control period of 13 days 
a daily average of 115 mgm. creatinine and 17 mgm. creatine; monkey 2 
was creatine-free except for 2 days, and excreted 110 mgm. creatinine. 
However, the average for two retention tests on each animal showed 
that neither retained more than 31 per cent and excreted the remainder. 
Five milligrams of testosterone propionate wei*e then administered to 


TABLE 1 

The effect of androgen treatment on immature monkeys 


MONKEY 

CONTROL PERIOD 

INJECTION PERIOD 

Days 



C.R.T. 

(excretion) 

Days 



C.R.T. 

(excretion) 




1 TTigm. 

1 

mgm. 

per cent 


mgm^ 

tngm. 

per cent 

1 

13 

115 

17 

70 

15 

122 

3 

33 


6 

142 

30 






2 

13 

110 

0 

71 





1 

3 ' 

13 

147 

25 


10 

153 

0 



5 

162 

35 






4 

8 

236 

38 


7 

216 

0* 



* 400 r.ii. Follutein on alternate days. 


no. 1 for 15 days, resulting in a gradual abolition of the creatinuria. The 
average for two retention tests resulted in 33 per cent excretion. 

After cessation of androgen therapy, the creatinuria reappeared (33 
mgm. per day) within 96 hours. (Fig. 1 shows the daily excretion values 
for monkey 1.) 

Monkey 3 (4.8 kilo) exhibited a creatinuria for 11 days during a 13 day 
control period; 147 mgm. per day of creatinine and 25 mgm. per day of 
creatine were excreted. Two milligrams of testosterone propionate per 
day for 10 days abolished the creatinuria (except for 1 day) which subse- 
quently returned within 48 hours after cessation of treatment (fig. 2). 

Monkey 4 (6.5 kilo) excreted a daily average of 236 mgm. of creatinine 
and 38 mgm. of creatine during a control period of 8 days. This animal 
was of adult size and had scrotal testes. Since it showed a creatinuria, 
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one testis was removed for histological study. It resembled that of an 
immature monkey, having no sperm, few spennatocytes, and as far as 
could be determined, veiy few intcmtitial cells of Leydig. Four hundred 
rat units of human chorionic gonadotropin (Follutein) givin on alternate 
days caused a complete disappearance of the creatinuria within 72 hours. 
The remaining testis was then removed and the creatinuria set in again. 

It was then attempted to see whether estrogen therapy had any effect 
in reducing the creatinuria which occurs in immature monkeys. Monkey 1 
Avas injected with 100 r.u. per day of estradiol benzoate but there Avas no 
significant reduction in the creatine output. Creatine retention tests 
shoAved an aAmragc of 72 per cent excretion. 

Creatine excretion in mature monkays. Of 5 mature monkeys studied, 
2 Avere entirely creatine-free during the control period; 1 had a creatinuria 



Fig. 1. Monkey 1. Each vertical bar represents a 24 hour sample. C.R.T., 
creatine retention test expressed as per cent excretion. T.P., testosterone pro- 
pionate. Est. benz., estradiol benzoate. 

Fig. 2. Monkey 3. Same symbols as in figure 1. 

one-third of the time, while the others excreted creatine about one-half the 
time. All of the animals, howeAmr, reacted similarly to exogenous creatine 
by retaining most of it. After castration the creatinuria became more 
intense in all the animals except in those Avhich excreted the most creatine 
during the control period,'* The ability to retain exogenous creatine Avas 
now impaired. 

The injection of 5 mgm, per day of testosterone propionate Avithin 
2 to 5 days completely abolished the creatinuria which ensued as a result 
of castration. The animals were now tested for their creatine retention 

* It is interesting to note that monkey 7 and monkey 9 both had inguinal testes, 
AA’hich were small, aspermic and showed few interstitial cells of Leydig. These 
animals were castrated because of the fact that they showed excellent retention of 
exogenous creatine. Although no. 9 was not affected by castration, testosterone 
propionate abolished the creatinuria in both. 


CREATINE METABOLISM AFTER ANDROGEN AND CASTRATION 507 


capacity and retained even more than during the control period (table 2). 
Although two of the animals were not affected by castration, the androgen 
completely abolished the creatinuria in all the monkeys. 

TABLE 2 


The effect of castration and androgen treatment on creatine and 
creatinine excretion in mature 7nonkeys 


MON- 

KEY 

CONTROIi rEUIOD 

1 

CASTRATE PERIOD ■ 

INJECTION PERIOD 

Daj'S 



C.R.T. 

(excre- 

tion) 

Dayal 

! 

Creati- 

nine 

Crcfl- j 
tine 

C.R.T. 

(e.Kcre- 

tion) 

Days 

Creati- j 
nine 

Crea- 

tine 

C.R.T. 

(axore- 

tion) 



Tngm. 

mgm. 

per cent 


mgm. 

mgm. 

percent 


mgm» 

mgm. 

per cent 

5 

18 

\ 204 

* 

32 

14 

185 

25 

100 

7 

189 

Ot 

15 


1 

I 



5 

199 

34 


15 

205 

0 



1 




16 

198 

23 

78 

9 

199 

0 

22 




] 


8 

219 

72 

100 





G 

12 

146 

0 

24 

17 

149 

15 

44 

13 

148 

0 

13 





! 

10 

160 

19 

52 





7 

14 

88 

14 

11 

19 

132 

14 

20 

12 

138 

0 

0 






9 

146 

42 

77 





8 

14 

175 

0 i 

25 

15 

170 

24 

60 

8 

161 

0 

15 

1 



j 


8 

177 

27 

44 





9 

14 

165 

19 

16 

17 

172 

17 

24 

1 9 

159 

0 

20 






6 

199 

18 

13 


1 




* Intermittent creatinuria. 

t Does not include days when creatine values were declining. 
C.R.T. = creatine retention test. 


TABLE 3 


The effect of estrogen treatment on creatine and creatinine excretion 


MONKEY 

DAYS 

CREATININE | 

1 

CREATINE 

C.R.T, 

(excretion) 

DOSE 



ingm» 

mgm. 

percent 

r.n. per day 

1 

6 

142 

30 

72 

100 

5 

8 

176 

45 


100 

5 

6 

231 

38 

79 

1 200 


After cessation of androgen therapy the creatinuria reappeared. Of the 
two monkeys in which there was little change in creatine excretion im- 
mediately after castration, one (no. 7) later developed an intensMed 
creatinuria. During this second castrate period the animals (except 
no. 9) had an impaired capacity to retain exogenous creatine. 
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In figures 3 and 4 is the record of the daily output of creatinine and 
creatine for monkeys 5 and 6. 

The above procedure of alternating injection ^periods with castrate 
periods was repeated three times on monkey 5, during a period extending 
over 9 months, with similar results each time. The administration of 
100 and 200 r.u, of estradiol benzoate had no effect on the creatine excre- 
tion or creatine retention tests. 

None of the procedures performed — castration, androgen, gonadotropic 
or estrogen therapy — had any .significant effect upon the excretion of 
creatinine. 



Fig. 3 Fig. 4 

Fig. 3. Monkey 5. ‘Intermittent creatinuria, control period i.s an average of 18 
days. Same symbols as figure 1. 

Fig. 4. Monkey G. Control period is an average of 12 days. Same symbols as in 
figure 1. 

Discussion. It appears clear from the results presented above that 
the creatinuria which usually occurs in young monkeys can be abolished 
by the administration of androgen. These monkeys do not tolerate exog- 
enous creatine to any great extent and excrete most of the injected 
creatine. However, after androgen therapy the capacity to retain creatine 
is enhanced. Older monke 3 ’'S may or may not exhibit a creatinuria, but 
when exogenous creatine is administered intraperitoneally most of it is 
retained. After castration a creatinuria appears, or is usually intensified 
if present during the control period. During this castrate period the ani- 
mals usually do not retain creatine to as great an extent as previous to 
castration. Testosterone propionate injections result in the disappearance 
of the creatinuria in all cases, whereas estrogenic therapy, in the doses 
used, is ineffectual. 

Immature or castrated monkeys do not store or metabolize creatine 
as well as do mature or androgen-treated animals. The reason that 
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cliildren, women and eunuchs (even on a creatine-free diet) excrete creatine 
may be due to the fact that creatine formed from endogenous sources 
cannot be stored or metabolized as well as in the adult normal man. 

In hyperthyroidism, muscular dystrophies, infectious diseases and 
many other conditions, an intense creatinuria occurs (Hunter, 1928). 
This may vary from 50 to 100 per cent of the creatinine values. However, 
the creatinuria of childhood or castration is of a much smaller magnitude, 
varying from 10 to 30 per cent of the creatinine values. About a month 
after the studies on one of the above monkeys were concluded, symptoms 
of tuberculosis were noted. The urinary creatinine averaged 155 mgm. 
per day while the creatine varied from 40 to 120 mgm. The injection 
of 5 mgm. of testosterone propionate daily had no effect upon the creatine 
excretion which continued to mount. The animal was killed and the 
clinical diagnosis of advanced pulmonary and generalized miliary tuber- 
culosis was confirmed at autopsy. Thus, it would appear that the causa- 
tive factors in these cases are different and the therapeutic agents effective 
in one may be ineffectual in the other. 

It should be pointed out that impaired creatine retention occurs during 
hyperthyroidism, advanced muscular dystrophies and other conditions 
(Hunter, 1928; Milhorat and Wolff, 1938; Richardson and Shorr, 1936, 
and others). 

Schrire and Zwarenstein (1934) have shown that in the rabbit, castration 
or ovariectomy results in an increased creatinine excretion which occuis 
after a latent period of months. However, some of the monkeys studied 
have been under observation for as long as 8 months after castration and 
yet no significant increase in creatinine excretion was noted. A human 
castrate has also been observed in the Squier Urological Clinic,® nine months 
after castration without treatment, and yet no significant increase in 
creatinine excretion occurred. 

Recent work has indicated that the androgen may have an effect on 
general body economy as well as on the accessories. Papanicolaou and 
Talk (1938) have shown that injection of testosterone propionate mil 
cause an hypertrophy of the temporal muscles of castrated male or female 
guinea pigs. Kenyon et al. (1939) found that androgen therapy would 
produce retention of Na, N, P, K, Cl, together with an increase in weight 
due to water held in association with salts and proteins retained. Hesser, 
Langworthy and Vest (1940) have reported increase in muscle work in 
myotonia atrophica cases with the administration of testosterone propionate. 

Kenyon and his associates have discussed the general somatotropic 
influence of the androgen in man. Heretofore studies of the effects of 
androgen and estrogen have been concentrated on the sexual accessory 

This patient was placed at my disposal through the courtesy of Dr. G. W. Fish. 
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organs, but in view of the fact that testosterone has an effect on Na, N, F, 
Cl, K, as well as water retention, creatine excretion, muscle mass and 
work, blood vascular system, as well as many subjective symptoms (Stein- 
ach, Kun and Peczenik, 1937), it seems possible that the androgen has 
an effect which is more general than considered previously. What the 
specific effects on body economy are, remain unknown at this time. How- 
ever, in studying the metabolic effects, the differences between the physi- 
ological and toxic effects must be distinguished, since it is known that 
excessive dosages of androgen and estrogen may be toxic. 

I should like to express my appreciation to Dr. E. T. Engle for his 
invaluable advice and encouragement during this study. 

smnviAnT and conclusions 

Young male monkeys usually excrete creatine, and show impaired re- 
tention of exogenous creatine. 

Injection of testosterone propionate causes an abolition of creatinuria 
and increases the capacity to retain creatine. 

Mature monkeys may or may not exhibit a creatinuria, but retain 
exogenous creatine. 

Castration in mature monkeys results in an increased creatinuria and 
impaired creatine retention. 

The injection of testosterone propionate abolishes the creatinuria of 
castration and restores the capacity to retain creatine. 

Estradiol benzoate therapy is wthout effect on creatine excretion. 

None of the procedures reported produced any effect on the level of 
creatinine excretion. 
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Difficulties have been encountered in the perfusion of blood vessels with 
artificial solutions consisting of a mixture of salts as found in blood and a 
colloidal component to provide the necessary osmotic pressure. Un- 
predictable variations occur in the ability of such media to prevent the 
appearance of edema. Hitherto, most of the attempts to overcome this 
deficiency have been to increase the concentration of colloidal material 
or to change the nature of the colloid. Red cells have also been added to 
the artificial blood substitutes. The improvement noted was ascribed by 
Saslow (7) to the more adequate oxygenation provided by such solutions. 

An investigation of this problem w'as undertaken by directly observing 
the capillary vessels in the frog through the microscope while the animal 
was being perfused. It was found, irrespective of whether the solutions 
were purelj'' crystalloidal or contained colloidal components, that an 
active flow of the perfusate occurred onlj’’ in the a-v capillaries, no circula- 
tion being apparent in the numerous true capillaries. Because of this, 
the use of solutions colored wdth Evans blue afforded a remarkably good 
demonstration of the a-v capillaries in contrast to the true capillaries. 
The existence of two types of capillaries in numerous tissues has been 
emphasized in a previous publication (9). An important distinction be- 
tween the two is effected by the different way in which the vessels leave the 
parent trunk. The a-v capillaries are those vessels which are direct con- 
tinuations of the arteriole and constitute a relatively small portion of the 
capillary bed. The a-v capillaries are of considerable length and are not 
to be confused with extremely short anastomoses between arteries and veins, 
which are often referred to as A-V-A vessels. Coming off almost at riglit 
angles from this continuous trunk are large numbers of true capillaries. 
The a-v capillaries, being direct extensions of the arterioles to the venules, 
serve as bridging channels between them. The numerous true capillary 
offshoots, by virtue of their position, do not lie in the direct path of flow 
of the perfusing solution. 

^ This study was made possible by a grant from the Josiah Macy Jr. Foundation. 
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Tests were made to ascertain the part played by the formed elements 
in the distribution of the perfusate. For this purpose, particulate matter, 
either as a suspension of carbon or of red cells, was added to the various 
perfusion media. The resulting capillarj’^ circulation, regardless of the t3T)e 
of particulate matter employed, was a decided improvement over the 
restricted circulation previously’’ obtained. Within a short time the 
perfusate was seen to circulate through all of the capillary vessels and the 
appearance of edema was considerably delayed. Since the proper distribu- 
tion of the perfusion fluid is of prime importance, the factors that enhance 
tliis feature were studied, vith emphasis on the r61e of formed elements. 

Zweifach (10) has fomid that marked differences occur in the capillary 
pattern of various tissues. Krogh (5), Saslow (7) and Diinker (3) have 
used the capillary vessels of the frog’s web for perfusion studies. However, 
the capillary bed of the web belongs to the sldn type of vessels and is 
atypical, consisting of a rich meshwork of extremely short anastomosing 
channels. The capillaries of the web are further unsuited since, as Krogh 
(6) and Conklin (2) have shown, they are abnormally permeable to pro- 
teins. The vessels of the mesentery’’ and the tongue of the frog are more 
satisfactory’’ for perfusion studies because their capillary pattern is repre- 
sentative of that found in connective tissues and muscle in general. Fur- 
thermore, the degree of permeability of the capillaries in the tongue and 
mesentery is directly’’ comparable to that of similar vessels in other tissues. 

For these reasons, the studies described in this paper were restricted to 
direct obsers'’ations made on the capithny circulation in the mesenteiy and 
tongue of the frog while the animal was being perfused. Details of the 
perfusion technique employ^ed are described in an earlier publication (1). 
The colloidal materials added to the Ringer solutions were 0.5 per cent 
ash-free gelatin (Eastman Kodak Co.) and 3 per cent gum acacia (E. 
Lilly’’). Evans blue, because of its poor diffusibility through the capillary’’ 
membrane, has been used in blood volume studies by Gregersen and 
Gibson (4). Particle-free solutions were colored with Evans blue in order 
to follow the circulation of the perfusate more readilyL The perfusion 
fluid was introduced by cannulating the aorta, the effluent fluid escaping 
through the cut end of the ventricle. 

A. Restricted circulation with solutions lacking formed elements. Colored 
Ringer solutions buffered at pH 7.5 were employ^ed first. WIigti perfused 
by way” of the aorta they readily appeared at the point of venous outflow. 
The perfusion solution was seen to enter the a-v capillaries immediately” 
and washed out all the blood cells from these vessels. The perfusate did 
not enter the true capillaries. 

Before starting the perfusion, a true capillary, that left the a-v capillary” 
and reioined it within the field of the low power objective, was selected 
for observation. As soon as the blood had been washed out of the a-v 



514 


BENJAMIN W, ZWEIFACH 


capillaries, the blood cells inside the true capillaries were sucked into the 
a-v current from the two ends of the vessel. This continued imtil the 
true capillaries were completely emptied of blood cells. The suction-effect, 
by virtue of which material was continuously being removed from both 
ends of the true capillaries and draining into the a-v capillaries, seems to 
have arisen as a result of the rapid flow of the perfusate past the orifices 
in the a-v wall leading to the .side capillaries. The di.sposition of the true 
capillaries, which come off almost at right angles to the parent trunk, 
favors the development of such suction forces, e.specially when a rapid flow 
is found only in the a-v capillaries. 

A second series of Ringer solutions -was prepared by adding mannitol, 
a relatively impermeable inert sugar, in an amount calculated te main- 
tain proper osmotic balance. The circulation of this solution, likewise, 
wms found to remain confined to the a-v capillaries. 

A third series of media consisted of Ringer solutions combined with ash- 
free gelatin or with gum acacia. These perfusates were found to be more 
efficient in reaching almost all of the a-v capillaries. None of the colored 
perfusion fluid flowed through the more numerous true capillaries. "When a 
higher concentration of colloidal material was used, the viscosity of the 
solutions (especially in cold blooded forms where the perfusate was kept 
at room temperature) severely slowed the flow and limited its distribution 
more radically than before. 

When the Ringer-gelatin solution was perfused at a low pressure (15 to 
20 mm. Hg), a flow existed only in a small number of a-v capillary channels. 
By keeping the rate of flow constant at this level, a steady state developed 
in which the true capillaries contained no active flow but remained open. 
These static true capillaries remained patent apparently as a result of 
fluid seeping into them from the tissues and being drawn at a slower rate 
into the a-v channels. When the pressure was increased, the streaming 
of the perfusate through the a-v vessels w'as accelerated. The true capil- 
laries then gradually narrowed down over a period of 3 to 4 minutes and 
became completely collapsed along their mid-regions. The factor effect- 
ing this narrowing appeared to be the augmented suction-effect produced 
by the rapid flow through the a-v capillaries. 

The true capillaries did not collapse during perfusions in which crystal- 
loidal solutions were used, presumably because considerable fluid was 
diffusing into them from the surrounding tissues. An active flow was not 
observed in all the a-v capillaries, but only in those which took the most 
direct course to the venous vessels. This restricted circulation persisted 
even when the perfusion pressure was increased from the normal level 
of 30 mm. to as high as 75 mm. Hg. 

These experiments showed that the beneficial action of colloidal matter 
resides in part in its ability to promote an active circulation of the per- 
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fusate through a much larger number of a-v capillaries than occurred with 
cr 3 '^stalloidal perfusates. The superior distribution of colloidal mixtures 
over that of mannitol-Ringer solutions, may be due to the fact that the 
viscosity of the colloidal perfusates more nearly approximates that of 
blood. In tissues where the a-v type of capillary predominates (tongue), 
such solutions were almost completely adequate in filling the capillary bed. 

B. R6le of particulate matter in distribution. A suspension of fine carbon 
particles or of ardan red cells was added to Ringer-gelatin and Ringer- 
acacia solutions. When the animal was perfused with these solutions, the 
circulating fluid not only coursed through the a-v capillaries, but filled the 
entire capillary bed so that all parts of the tissue were simultaneously 
exposed to the action of the perfusate. The following is a description of 
the changes that occurred during the period in which the circulation of the 
perfusate became wider in scope to include the true capillaries. 

Wlien the particle-free colloidal solution had been washed out of the 
a-v capillaries by a carbon-containing perfusate, peculiar swirls of carbon 
were seen to develop 'at the orifices in the a-v wall leading into the true 
capillaries. These capillary offshoots are given off from the a-v parent 
trunk at a sharp angle and with a marked backward twist. Similar 
characteristic swirls appeared when suspensions of red cells were used. 
In addition, these were accompanied by the lodging of red cells against the 
angular projections of the wall at the point of capillar}’- exit. The trapped 
cells wavered back and forth until the axial current was suddenly deflected 
into the side channels. The flow in the capillary side channels was sporadic 
in character, with the red cells being distorted and slowly forced through 
the narrowed portions of the vessels. The movement of this column of 
cells at first was pulsatile, the red cells being drawn back and forth through 
the constricted vessel. This was accompanied by a slow opening of that 
portion of the vessel with which the red cells made direct contact, until a 
continuous flow through the capillary was established. The number of 
side channels into which the flow was deflected varied with the perfusion 
pressure employed. At comparatively low pressures (15 to 20 mm. Hg), 
the flow through the true capillaries was sporadic. When the pressure 
was raised to 35 mm. Hg, the perfusate was carried into the majority 
of available channels. 

This deflection of flow was repeatedly produced in the same preparation 
by the alternate use of particle-free and particle-containing solutions. At 
the commencement of perfusions with particle-free solutions, the flow be- 
came confined to the a-v channels as soon as the blood of the host had been 
washed out. Within 30 seconds after changing to a carbon containing 
solution, the perfusate gained access to all the capillary vessels. Carbon 
tended to stick to the capillary walls, especially along the intercellular 
cement, and often clogged some of the vessels. Red cells were never ob- 
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served to stick to the wall or to one another and were more efficient. For 
these experiments it was not necessary to use the cells of the host. Rooster 
red cells suspended in frog Ringer-gelatin solutions gave a perfectly normal 
picture, with the perfusate streaming througli all of the capillaries. 

From the above data it can be seen that the presence of the suspended 
material was responsible for the setting up of mechanical disturbances at 
the points along the a-v wall where capillaiy offshoots emanate and thereby 
routed the perfusate into all of the capillary channels. 

C. Particulate matter in the control of edema. When particle-free Ringer 
or Ringer-mannitol solutions were used for perfusion, pronounced edema 
occurred within 10 to 15 minutes. Colloidal Ringer mixtures, lacking 
formed elements in suspension, were capable of maintaining normal fluid 
balance for 30 to 40 minutes. As previously indicated, colloidal perfusates 
maintain a more adequate capillaiy circulation. This probably is an 
important factor in the delayed edema obtained with colloidal solutions 
as compared with its rapid appearance with isosmotic Ringer-mannitol 
mixtures. Ringer-mannitol solutions left the a-v capillaries at an ex- 
tremely rapid rate as compared to Ringer-gelatin mixtures. It is signifi- 
cant that the colloidal perfusates coated the inner surface of the capillaries 
and thereby not onl}’ rendered the wall relatively less permeable to fluid 
loss, but also curtailed the passage of the colloidal component of the 
perfusate into the tissues. Ringer-mannitol solutions do not exhibit such 
coating properties. The streaming of crystalloidal perfusate through the 
a-v capillaries was accompanied b 3 ’' a washing off of the coating of the 
blood proteins of the host, leaving the vessel wall in an excessivelj’’ porous 
state. The effectiveness of both solutions, however, is considerably 
diminished because of their poor distribution, the perfusate coursing 
through only a small fraction of the available channels. 

A suspension of carbon in Ringer-gelatin delajmd the appearance of 
edema for over 110 minutes. Red cell su.spensions were somewhat more 
efficient in this respect, delajdng the onset of edema for more than 180 
minutes. 

The greater effectiveness of solutions containing particulate matter over 
those which are particle-free depends upon at least two important proper- 
ties. First, the perfusates bring about a more normal type of circulation 
throughout all the vessels of the capiUarj'- bed. Secondlj’’, the presence 
of the particles increases the oxygenation of the solution. Warburg (8) 
has shown that suspensions of carbon particles have considerably more 
oxygen than ordinarj’’ solutions because of the increased surface provided 
for the adsorption of oxygen. The presence of red cells also markedly 
increases the oxygen carrying capacity of the solution. These two factors 
acting together would tend to diminish anoxemic effects and insure a more 
adequate remo^’^al of metabolic products from all parts of the tissue. 
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Solutions lacking suspended material prevent edema only for a short 
period of time. The temporary lack of edema is in large part due to the 
limited filtration surface exposed to the perfusate, since only a fraction of 
the total capillary vessels arc actually perfused by the circulating fluid. 
This situation results in general asphjoda and the accumulation of me- 
tabolites in most of the tissue. An increase in the permeabiUty of the 
capillarj’- -vrall follows, causing the onset of edema. 

D. R6le of particulate matter in plugging. In addition to its r61e in the 
distribution of the perfusate, particulate matter was found to perform 
another important function. Chambers and Zweifach (1) have shown that 
temporary porous spots appear in the capillary wall and can be increased 
or decreased by variations in ])H and calcium content of the perfusate. 
In the present study, when the perfusion was carried out for longer than 
two hours, the capillaries became increasingly leaky. The increased out- 
ward diffusion of fluid was accompanied by a flattening of the particulate 
matter against the capillaiy wall over these points. This phenomenon, 
especially when red cells were used, acted to reinforce the weakened por- 
tions of the capillar}’- wall and curtailed seepage through actual leaks by 
forcing the extremely plastic red cells into them. Stasis of red cells also 
played a part in preventing excess loss of fluid. The cells quickly filled 
the abnormally leaky vessels as the fluid diffused out of them. The re- 
sulting mass of cells clogged the vessel, removing it from the active circula- 
tion, and thereby functioned as an additional safeguard against excessive 
loss of fluid. 

E. Mechanism, of collapse and closure of capillaries. As has been noted 
above, the true capillaries frequently became narrowed, even to the extent 
of complete occlusion, in experiments with particle-free solutions where the 
circulation of the perfusate was limited to the a-v capillaries. An attempt 
is made here to compare these results with similar phenomena in animals 
with an intact blood circulation. 

Perfusion data. The arrangement whereby the true capillaries come off 
almost at right angles to the a-v vessels exposes them to suction effects 
arising from the continuous flow in the a-v capillary. This was conclu- 
sively demonstrated when the blood of the host was washed out by per- 
fusing the vessels with Ringer-gelatin solutions containing Evans blue. 
Despite the fact that none of the colored perfusate coursed through the 
true capillaries, the blood cells contained in them were rapidly drawn into 
the a-v current from both the arterial and venous ends of the true capillary. 
The blood cells moved in opposite directions towards both ends of the true 
capillary. Such a movement could only be brought about by a suction 
simultaneously acting on both the exit and entrance of the true capillaries. 

During the perfusions with Ringer or Ringer-mannitol solutions, fluid 
was rapidly lost from the a-v capillaries, resulting in pronounced edema 
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witliin 10 minutes. In this case, the true capillaries, despite the absence 
of an active flow in them, always remained open. With Ringer-gelatin 
or Ringer-acacia perfusates, the loss of fluid was considerably diminished, 
as e\ddenced by the absence of edema during the first 30 to 40 minutes of 
perfusion. I^Tien the perfusion pressure was kept low (15 to 20 mm. Hg), 
the true capillaries remained patent throughout the experiment. How- 
ever, a gradual collapse of the true capillaries occurred by raising the 
perfusion pres.sure to 35 mm. Hg. During this period, the a-v rate of flow 
■\vas considerably increased and concurrenth' there was a corresponding 
diminution in the caliber of the true capillaries. The experimental findings 
suggest that the collapse of these vessels was a direct result of the increased 
.suction forces created by the more rapid streaming through the a-v capil- 
laries. The closure W’as first evident along the mid-regions of the true 
capillaries and progressively .spread in both directions towards the arterial 
and venous ends of the vessel. Such capillaries remained closed through- 
out the remainder of the experiment de.spite the appearance of edema after 
40 minutes of perfusion. 

The differences in caliber of the true capillaries obtained with cr>'stal- 
loidal and colloidal perfusates, de.spite the complete absence of flow in these 
vessels, can be explained on the following basis. The degree of narrowing 
appears to be a resultant between the rate of infiltration of fluid into the 
true capillaries from the tissues and the removal of fluid from them by 
.suction forces arising in the a-v capillaries. The rapid loss of fluid with 
ciystalloidal perfusates provides an excess of tissue fluid. The true capil- 
laries therefore are continuously being supplied with fluid seeping in from 
the tissues. In coUoidal-Ringer pei'fu.sions, the rate of fluid loss is minimal 
duiing the initial 30 to 40 minutes. Fluid slowl}’- diffuses into the static 
true capillaries for only a short time, no excess being available in the tissues. 
The continued suction then acts to effect a narrowing of the true capil- 
laries, W'hich is evident within 15 to 20 minutes. 

It should be emphasized that no active closure of the true capillaries 
•was observed. The capillaries appeared to be affected passive^ hy the 
flow coursing through them and by the creation of suction forces in the a-v 
vessels. Opening of the true capillaries was never observed during the 
period "nRen no flow circulated through them. Likew'ise, a collapse of the 
true capillaries occurred only when they •^^ere devoid of flow- concurrent 
with the existence of an active circulation in the a-v capillaries. 

The use of perfusates containing particulate matter brought about a 
complete reparation of this situation. Tiflien low perfusion pressures (15 to 
20 mm. Hg) •n^ere used, the circulation ■«'as most active in the a-v capil- 
laries and .sporadic or non-existent in the true capillaries. By gradually 
increasing the pressure to 30 mm. Hg, an active streaming was obtained 
in all the capillary vessels. The initial effect "was an increased rate of flow 
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through the a-v channels. A maximum rate of flow is reached, above 
which a further increase in pressure acted to distend the vessel. As the 
a-v capillary widens, the orifice leading into the capillarj’- offshoots became 
more patent. The higher pressure in the a-v capillary also tended to pro- 
duce a more rapid filtration of fluid into the tissues. A^Tien the perfusate 
contained red cells, the loss of fluid led to a closer packing of the red cells, 
especially on the venous side. The red cells were no longer solely confined 
to the central, axial a-v current but were dispersed throughout the vessel. 
Eddies appeared where the true capillary offshoots branched out and were 
effective m deflecting the circulation into these side channels. Carbon 
suspensions effected a partial opening of the true capillaries. Red cells, 
on the other hand, were forcibl}'’ squeezed into the collapsed channels and 
thereby distended them to a point where the cells coursed freely through 
the capillar3L 

Intact hlood circulation. Similar observations to the above were made in 
tissues with an intact blood circulation. In resting tissues, a continuous 
flow exists only in the a-v vessels, the true capillaries remaining relatively 
static and often extremely narrowed. Following mild stroking of the 
tissue with a microneedle, the arteriolar flow to the capillaries in the area 
increases. The initial effect of this was a more intense flow through the a-v 
capillaries. Ten to fifteen seconds later, a closer packing of the circulating 
blood cells can be noted in the distal portions of the a-v capillaries and the 
flow began to slow down. This is evidently brought about in part by the 
added loss of fluid resulting from the increased pressure. The narrowed 
true capillaries can be seen to open slightly. Eddies appeared in the a-v 
capillaiy at the points where the side branches are given off and soon the 
flow was deflected into these capillaries. Following a variable period, 
depending upon the intensity of the irritation, the arteriolar flow dimin- 
ished. The flow in the true capillaries became sporadic and gradually 
ceased. With the flow again limited to the a-v capillaries, conditions for 
the reestablishment of the suction forces at both ends of the true capillaries 
are present. The contents of the vessel drain mto the a-v capillaries and 
the true capillaries become gradually narrowed. 

SUMMARY 

Solutions designed to replace the blood as a perfusion medium to be 
completely effective must not only contain appropriate chemical constitu- 
ents but also a suspension of formed elements, such as carbon or red cells. 
The beneficial action of the particulate matter lies, in part, in its ability 
to bring about a maximum distribution of the perfusate through all of the 
vessels of the capillary bed. In the absence of red cells or carbon, the flow 
is restricted to the a-v capillaries. The addition of suspended particles 
diverts the flow into the true capillaries which are offshoots of the a-v 
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vessels. Particulate matter, especially red cells, is effective also because 
it plugs up leaks in the walls of the vessels. Stasis in abnormally leak}-^ 
vessels is an additional factor which acts to prevent further fluid loss by 
clogging these vessels and cutting them off from the active circulation. 

I wi-sh to thank Prof. Robert Chambers for his interest and suggestions 
throughout this work. 
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In an earlier paper (1) from this laboratory, it was pointed out that when 
an acidified solution of insulin is subcutaneously administered it passes 
through various stages of hydrogen ion concentration until the reaction 
at the site of injection is in equilibrium with that of the tissue fluid, where- 
upon absorption takes place. On the basis of this theory, the question 
arises as to whether or not a clear aqueous solution of protamine zinc insulin 
would possess a prolonged hypoglycemic effect. 

The prolongation of hypoglycemia following the administration of an 
insulin preparation to which protamine had been added in a phosphate 
buffered solution at about pH 7.3 was fii’st reported by Hagedom and his 
collaborators (2). Later Scott and Fisher (3) and Fisher and Scott (4) 
demonstrated that the addition of about 2 mgm. of zinc per 1000 units 
to such a protamine insulin preparation considerably prolonged its hypo- 
glycemic effect. Since that time the addition of about 0.2 to 0.25 mgm. 
zinc per 100 units of protamine insulin has been a standard procedure. 

This investigation is concerned with the preparation of a clear solution 
of protamine zinc insulin possessing a prolonged hj'poglycemic action and 
a stud}'' of its effect on fasting rabbits. 

General considerations. Throughout this investigation a recrystal- 
lized preparation of insulin made in this laboratory was used. It assayed 
22 international units per 1 mgm. The ash content did not exceed one 
per cent and its zinc content was about 0.3 mgm. per 1000 units. 

Stock solution. A stock solution was prepared by dissolving 364 mgm. 
of insulin crystals in water to which had been added a few drops of one 
normal lactic acid. This solution was next transferred quantitatively to 
a 100 cc. volumetric flask and before diluting it to the 100 cc. mark 1.6 cc. 
glycerol and 0.1 cc. tricresol were added. The acidity of the solution was 
adjusted to about pH 3.0 (using the glass electrode). This stock solution 
contains 80 international units per 1 cc. 

The following procedure is illustrative of the method employed for the 
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preparation of clear acidified solutions of protamine zinc insulin. Fifty 
cubic centimeters of the stock preparation containing 4000 units are trans- 
ferred to an Erlenmeyer flask immersed in a water bath at a temperature 
of about 50°C. Wliile stirring 200 mgm. of protamine are introduced 
followed by 7 mgm. of zinc as zinc chloride and 2 grams of sodium acid 
phosphate. The mixture becomes turbid at first but it clears up as the 
temperature reaches 45° to 50°C. The reaction of the mixture is adjusted 
exactly to pH 3.0 and the volume is increased to 100 cc. using a diluent 
containing distilled water, 1.6 per cent glycerol and 0.1 per cent tricresol. 
This mixture of an acidified solution of protamine zinc insulin consists of 
5 mgm. of protamine, 0.2 mgm. zinc per 100 units of insulin in a 2 per cent 
phosphate buffer solution. Henceforth it .shall be referred to as “clear 
solution of protamine zinc insulin.” 

In preparing dilutions for experimental work, the diluent unless other- 
wise specified con.sisted of a 2 per cent sodium acid phosphate containing 
glycerol and tricresol in the above mentioned ratios at an acidity of pH 
3.0. In dilutions free from phosphate the addition of sodium acid phos- 
phate was omitted. 

Injeclions. All parenteral administrations were of deep subcutaneous 
injections. For dilutions containing 10 units per 1 cc. or less, a 1 cc. 
tuberculin .sjuinge was used and the amoimt administered was proportional 
to bodj^v’eight. However, when it became desirable to use a higher con- 
centration of insulin such as 40 units per 1 cc. a micro syringe of 0.25 cc. 
capacity was employed. 

Throughout this investigation the switch-over technique was used. 
The animals were divided into two equal groups. One group received one 
preparation and the other received another. The follovdng week the 
order was reversed. 

Rabbits that had been fasted for 24 hours were used. Blood was with- 
drawn from the marginal ear vein at the interval of time specified in each 
experiment. Sahjmn’s method (5) for blood sugar determination was 
employed. 

Experimental. 1 . The effect of dilutions. In this experiment a com- 
parison w’^as made between the effects of each of the following preparations 
on the blood sugar of fasting rabbits: 

A. A crystalline insulin preparation containing 5 units per 1 cc. B. 
A similar preparation of 5 units per 1 cc. of crj’'stalline insulin to which 
had been added 2 mgm. zinc per 1000 units, and C, a solution containing 40 
imits per 1 cc. with 2 mgm. zinc per 1000 units. Twenty rabbits w'ere 
used for each test and each animal received 2 units of insulin. The switch- 
over technique wms employed. Samples of blood for sugar determination 
wmre withdrawn at 0, 1.5, 3, 4 and 5 hours respectively. The results of this 
experiment are found in figure 1. 
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2. Herein are shown the differences between the effects of A, a clear 
buffered solution of protamine zinc insulin; B, a precipitated protamine 
zinc insulin (the marketed preparation), and C, a control msulin prepara- 
tion to which had been added a similar amount of zinc as in A and B. 

Each preparation was tested on 20 rabbits. The concentration was 40 
units per 1 cc. and each animal received 2 units of each preparation. The 
results of tliis experiment are summarized in figure 2. 

S. The effect of aging on the clear solution of protamine zinc insulin 
preparation with reference to its hypoglycemic action was investigated on 
only one preparation. The tests were made when the preparation was 
2, 3 and 4 days old. Each test was on 10 rabbits only. The switch-over 
technique was not emplo3’’ed. Each rabbit received 2 units of 40 units per 



Fig. 1 Fig. 2 

Fig. 1. The blood sugar of fasting rabbits following the subcutaneous adminis- 
tration of 0.5 unit per kilogram bodyweight of : .4, 5 units per 1 cc. dilution of crystal- 
line insulin; B, 5 units per 1 cc. dilution of crystalline insulin containing 0.2 mgm. 
zinc per 100 units, and C, 40 units per 1 cc. dilution containing 0.2 mgm. zinc per 100 
units of crystalline insulin. Each curve represents averages of 20 rabbits. 

Fig. 2. The blood sugar of fasting rabbits following the subcutaneous injections of 
2 units of 40 units per 1 cc. dilution of: A, solution of crystalline insulin; B, clear 
solution of protamine zinc insulin and C, protamine zinc insulin pH 7.2 (marketed 
product). Each curve represents averages of 20 rabbits. 

1 CC. and blood samples were removed at 0, 1.5, 3, 5, 7 and 9 hours re- 
spectiveljL The averages of the data are shown in figure 3. 

4. The effect of sodium acid phosphate was investigated in order to 
determine whether or not its addition had anj’’ influence on the hypogly- 
cemic action of the clear solution of protamine zinc insuhn. Two prepara- 
tions were made with and without buffer, and each preparation was tested 
on 26 rabbits using the switch-over technique. A summary of the results 
is found in figure 4. 

Discussion. It is sometimes difficult to demonstrate in the laboratory 
animal the prolongation of lij’^pogl^’^cemia following the parenteral ad- 
ministration of small doses of an insulin preparation endowed with pro- 
longed activity. An example is the addition of 2 mgm. of zinc per 1000 
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units of insulin. Scott and Fisher (4) .showed that for all intents and pur- 
poses the addition of such an amount of zinc to insulin does not appreciably 
enhance its action on rabbits, and in an earlier publication from this 
laboratory (1) their findings were confirmed. However, upon further 
investigation of this problem it was observed that the weak dilutions of 
this particular amount of insulin and zinc were responsible for the masking 
of its true action. It was also .shown (1) that the addition of 2 mgm. of 
zinc per 1000 units of in.sulin in solution with the adjustment of the hydro- 
gen ion concentration to about pH 7.0 caused the precipitation of about 
75 per cent of the insulin protein, or preferably stated about neutrality 
75 per cent of the insulin Avas adsorbed on the basic zinc salt. In Anew of 
this finding such an amount of zinc should appreciably prolong the action 



Fig. 3. The blood sugar of fasting rabbits following the subcutaneous injection of 
2 units of 40 units per 1 cc. dilution of clear solution of protamine zinc insulin. 
P-2 — two days,old, P-3 — three days old and P-4 — four days old preparations. Each 
curve represents the averages of 10 rabbits. 

Fig. 4. The blood sugar of fasting rabbits following the subcutaneous injections 
of 2 units of 40 units per 1 cc. of buffered, A, and non-buffered, A', clear solution of 
protamine zinc insulin. C, control crj'stalline insulin vrith zinc. Each curve rep- 
resents the averages of 26 rabbits. 

of insulin hypoglycemia in rabbits and .some means should be discovered 
to make it demonstrable. Several experiments were performed that AA^ere 
of doubtful significance, until the concentration of the material to be 
injected was studied. Thus it became evident as shoAvn in figure 1 that 
the administration of 2 units of insulin with zinc (2 mgm. per 1000 units) 
in concentration of 40 units per 1 cc. caused greater prolongation of hypo- 
glycemia in rabbits than 2 units of the same preparation similarly given in 
concentration of 5 units per 1 cc. 

Applying the Avell known physiologic principle of Donnan’s theorj’^ of 
equilibrium to acidified solutions of insulin subcutaneously injected, neu- 
tralization at the site of injection must occur before absorption takes place. 
Basically, the principle involved in ail preparations of insulin endoAved with 
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prolongation of action is based on the decrease of their respective solu- 
bility at about the pH of the tissue fluid. The more insoluble a prepara- 
tion is the greater its prolongation of action. Thus it was considered that 
an acidified mixture of protamine zinc insulin in a clear solution would 
cause a prolongation of hypoglycemia if the proper proportions of prota- 
mine to insulin were established. This was investigated in this laboratory 
and it was found that about 5 mgm. of protamine per 100 units of insulin 
with added zinc (0.2 mgm. per 100 units) 3 delded good results. The addi- 
tions of 2.5 mgm., 10 mgm. and 20 mgm. of protamine to insulin were also 
studied, with somewhat similar results as shown in this paper. The vari- 
ous ciiiwes presented are self explanatoiy. In vitro, the amount of pro- 
tamine necessary to cause the complete precipitation of the insulin protein 
is in the neighborhood of 0.75 mgm. to 1.25 mgm. per 100 units at about 
neutrality (4). In vivo, during the process of adjustment of ions of the 
clear solution of protamine zinc insulin at the site of injection the ratio of 
protamine to insulin should be greater since the size of the protamine mole- 
cule is considerably smaller than that of the insulin and undoubtedly a 
portion of the protamine not only would diffuse faster but there would be 
the possibility that it would combine with some of the tissue proteins. 
Consequently when equilibrium is reached it is necessary to have an ade- 
quate suppty of free protamine to form the protamine zinc complex in 
the insoluble state at the site of injection. 

Aside from the prolongation of hypoglycemia of the clear solution 
of protamine zinc insulin the data presented in figure 2 show the rapidity 
of the onset of its action as compared with the pre-precipitated protamine 
zinc insulm. This is clinically desirable as it would no longer be necessary 
to administer to the diabetic patient an adjunct dose of a fast acting insulin 
to take care of the blood sugar for the first few hours following the injection 
of protamine zinc insulin (pH 7.2). 

The addition of phosphate to insulin preparations discussed in this 
paper seemed to enhance their action as shown in figure 4. However, the 
difference was not clear cut. 

Unpubhshed data on the stability of the clear protamuie zuic insulin 
in question are indeed favorable. Samples were incubated at 52°C. for 
9 daj^s mth little loss in potency. Ob\dously this is very desirable. 

SUMMARY 

A method is described for the preparation of a clear acidified solution 
of protamine zinc insulin containing 5 mgm. of protamine and 0.2 mgm. 
zinc per 100 units. Its subcutaneous injection into fasting rabbits causes a 
prolonged hj'pogtycemia greater than that observed following the injection 
of a similar amount of crj^stalline insuhn with and without added zinc. 
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In previous communications from this laboratory (Rosenblueth and 
Reboul, 1939; Reboul and Rosenblueth, 1939) some effects of alternating 
currents (a.c.) upon nerve were reported. The present study deals with 
the changes produced by a.c. in the magnitude of the spike potential, 
the rate of conduction and the polarization of mammalian A fibers. 

Method. The animals used were cats. They were anesthetized with 
dial (Ciba, 0.75 cc. per kgm.). The nerves studied were mainly the 
peroneal, occasionally the popliteal or the saphenous. They were dissected 
over as long an unbranched stretch as possible and placed in a moist 
chamber. 

For studies of spike-potential magnitude or of conduction velocity 
the electrodes, both stimulating and recording, were silver or silver-silver 
chlorided wires. In the observations on changes of polarization the 
electrodes were calomel half-cells connected to the neiwe through an agar- 
Ringer bridge. 

Stimulation by single shocks was made with condenser discharges of 
various capacities and intensities. Repetitive stimulation was effected 
by condenser discharges through a thjTatron, the frequency being con- 
trolled by a.c. These discharges were passed through a transformer 
before delivery to the nerve, in order to render them diphasic. 

The sources of a.c. were two beat-frequency oscillators, a General Radio 
Company type 713B and a Clough Brengle Company model 79D. When 
the information was necessary a voltmeter indicated the output E.M.F., 
and a Weston thermocouple milliammeter, model 425, showed the intensity 
of cm-rent flowing through the nerve. 

The spike potentials were led to a 5-stage capacity coupled amplifier 
and recorded from a cathode-ray oscillograph. When the recording 
electrodes were close to the region of the nerve where a.c. was applied, a 
capacity (0.01 to 0.1 y F) was placed in parallel vnth the leads to the 
amplifier in order to reduce the a.c. artifact and the blocking effect of a.c. 
upon the amplifier. Although this procedure distorted the records, dif- 
ferences in magnitude or in delay were readily appreciated. 
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The changes of polarization were sometimes recorded on the cathode-ray 
oscillograph, after 3 to 5 stages of d.c. amplification. Tests of the elec- 
trodes and of possible thermal effects of large overloading a.c. voltages 
on the amplifier were made by substituting for the living nerve either the 
same nerve after killing it by immersion in hot water or a wick soaked in 
Ringer and repeating the experimental procedures used on the living 
nerve. A d’Arsonval galvanometer was also frequently used to record 
changes in polarization. Here again, tests made with dead nen^es or 
with the Ihdng tissue, but after crushing between the a.c. and the lead-off 
electrodes, separated the genuine changes of polarization from possible 
spurious effects. 

Results. Spike-polenlial magniiiidc. Several precautions are neces- 
sary for the anatysis of the changes of amplitude of the spike potential 
of a nerve trunk produced bj' applications of a.c. Thus, a decrease of 
the recorded spike-potential v.'ould result if some of the fibers failed to 
become active at the region of the recording electrodes, even when the 
spike potential of the active fibers could be full-sized or even increased 
in magnitude. Since a.c. may block the ner\m impulses (Wedensky, 
1903), a reduction in the number of active elements could in certain con- 
ditions be due to this block. A.c. may decrease the electrical excitability 
of nerve O^^edensky, 1903); test stimuli might therefore activate fewer 
elements during than before the passage of the current. Finally, as will 
be shown below, a.c. may decrease the conduction velocity of nerve im- 
pulses; an apparent reduction of the spike-potential magnitude could 
hence be merely a manifestation of temporal dispersion of the impulses 
corresponding to the different fibers in the neiA’^e. 

Two procedures w^ere used to circumvent these sources of error. The 
first "was to compare the magnitudes of the spike potential at various 
points beyond (with respect to the direction of the nerve impulses) the 
region where a.c. "was applied. For convenience in describing the location 
of the several electrodes and their mutual distances a schema of the moist 
chamber is pictured in figure 1. If maximal test stimuli were delivered 
from ai to hi and a.c. was applied, for example, from Ci to di, the responses 
recorded from anj'^ of the electrodes dz, Ci . . . . hi to the crushed region of 
the nerve at hz could onlj'^ be due to fibers w'hich had not been blocked 
by the a.c. Temporal dispersion would tend to decrease progressively 
the magnitude of such responses recorded in that order. If, then, the 
response at ei should be smaller than that at hi during the passage of a.c., 
it may be safely inferred that a.c. produces a decline of spike magnitude 
per fiber. This was readil 3 ’^ found to be the case. 

In figure 5 are illustrated results from a typical experiment. The low'er 
records show the responses of the nenm at points 0.5, 1.5 and 3.5 cm., 
respectively, from one of the a.c. poles, during the passage of 15,000 cycles. 
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0.2 mam. The upper records show the control responses at the same 
points but without any a.c. It is apparent that the spike potential was 
more decreased in the neighborhood of the site of application of a.c. than 
in more distant regions of the nerve. 

Figure 2 illustrates typical changes of spike magnitude at several points 
of a nerve, interpolar, polar and extrapolar, during the passage of a.c. of 
various intensities. It is clear that the depi’ession is maximal at the a.c. 
poles, and becomes progressively less for more distant points. The magni- 
tude of the response in the interpolar segment was always greater than 
at the poles; indeed, as shown in the figure, it was greater than at points 
at the same distance from one of the a.c. poles, but on the extrapolar region 
of the neiwe. This apparent discrepancy is readily explained by the 
assumption that the passage of a.c. has not only a depressant effect upon 
the spike magnitude, but that it also has an independent increasing action, 
more visible in the interpolar segment than in neighboring extrapolar 
regions. 

Although a significant increase of spike magnitude above the control 
level was never seen, the recognition that a.c. may cause such an increase 
explains both the changes in the interpolar segment and the complex shape 
of the cmwes in figure 2 for the extrapolar regions. 

The second method employed to study changes in spike magnitude was 
as follows. The nerve was stimulated at one end and the recording elec- 
trodes were placed on intact regions in the middle of the excised trunk, 
so that a diphasic response was obtained. Applications of a.c. on either 
side of the recording electrodes should then result, if a.c. has a depressing 
effect more marked near the poles than in more distant regions, in a prefer- 
ential decrease of one or the other of the two components of the diphasic 
record. This was found to take place (fig. 3). 

With either of the two methods used for determining changes of spike- 
potential magnitude, the degree of the decrease varied proportionally 
with the intensity of a.c. applied. An influence of frequency was likewise 
recognizable. When different frequencies were applied with constant 
intensity lower frequencies (e.g., 200 to 2,000 cycles per sec.) had a greater 
depressing action than did liigher frequencies (e.g., 2,000 to 15,000 per sec.). 

Changes in conduction velocity. Certain diJfficulties have again to be 
considered for the interpretation of records showing an apparent slowing 
of the nerve responses during or after applications of a.c. Thus, if the 
fastest fibers in the nerve were more readily blocked than elements of 
slower conduction rate, a comparison of the measurements of conduction 
velocity taken before and dm-ing the passage of the cm-rent might not be 
legitimate, for such measurements could apply to different elements in 
the nerve. 

That a.c. can slow considerably the conduction rate is clear, however. 
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from the following data. The responses illustrated in figures 3, 4 and 7 
show not only a more delayed beginning during or after than before a.c,, 
but also a delayed subsidence. The latter delay may be safely interpreted 



Fig. 1. Scliema of llic moist chamber. The electrodes are arranged in pairs. 
The distance between the members of each pair (i.e., from oi to as; from bi to h; 
etc.) is 0.5 cm. The distance between neighboring pairs (i.e., from at to bi; from 
bt to ci; etc.) is 1 cm. 

Fig. 2. Changes of spike magnitude during the passage of a.c. (frequency 15,000 
cycles per sec.). Ordinates: spike magnitude during the application of a.c. ex- 
pressed as per cent of the responses obtained at the corresponding points before a.c. 
Abscissae: centimeters. The stimulating cathode was at 0; the arrows indicate 
the points in tlie nerve at which the .a.c. was deliv'cred. Average voltage of a.c.: 
A, 1 V.; B, 2.2 v.; C, 3.2 v. 

Fig. 3. Changes of spike magnitude during the passage of a.c. (frequenej’^ 15,000 
cycles per sec.). Stimulating electrodes at oi and bi (see fig. I). Diphasic records 
from dt to Ct. The records were drawn by projecting the original film through a 
photographic enlarger. Solid lines: control responses without any a.c. Broken 
lines: responses during delivery of a.c. A, a.c. (2 v.) applied from cj toft. B, a.c. 
(1.5 V.) applied from a to dj. Time scale: 0.2 msec. 

Fig. 4. Changes of spike magnitude and of conduction velocity during the passage 
of a.c. of progressively increasing intensity (A, B, C, solid lines) and progressively 
decreasing intensity (C, B, A, broken lines). The records were drawn by projecting 
the original film through a photographic enlarger. Time scale: 0.2 msec. 

a.s indicating a .slowing of .some of the originally slow elements in the 
Jicn-e, dismis.sing as unlikely the alternative possibility that the time 
course of the spike potential per fiber should be greatly modified by a.c. 

Measurements of the conduction rate for different segments (e.g.j 
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1.5 to 3.0 cm.) of the interpolar and distal extrapolar region of the nerve 
clearly indicate, likewise, that a marked slowing may take place. The 
conduction rate of the fastest elements responding beyond the site of 
application of a.c. increases progressively with the distance from the a.c. 
electrodes. Thus in a typical experiment the stimulating electrodes were 
placed at Oi and hi, and the a.c. electrodes at Cz and ci. The conduction 
velocitj'^ measured for different segments of 2.5 cm. along the nerve was 
unifoi-mlj’- 70 m. per sec. before a.c. was applied. During the application 
of 15,000 cycles per sec. (5 v.) the conduction velocities measured for the 



Fig. 5. Changes of spike magnitude during the passage of a.c. Stimulating elec- 
trodes at Oi and 62 . A.c. electrodes dj and e,. Records; A from 62 , B from/i and C 
from P 2 , to the crushed end at hi. Upper records: controls without a.c. Lower 
records: during the passage of a.c. (frequency 15,000, 1.2 v.). Time signal: 2,000 
cycles. 

segments from C 2 to Ci (interpolar segment), from d 2 to/i, and from €2 to gi 
were approximated 45, 50 and 60 m. per sec., respectively. 

As was the case for changes of spike magnitude, the degree of slowing 
produced by a.c. was greater for more intense than for weaker currents. 
With constant intensity relatively low frequencies were more effective 
than higher frequencies. 

Changes of •polarization. Applications of a.c. may change markedly 
the resting polarization of nerves. The changes at or near the a.c. poles 
are detectable with reference to more distal regions of the nerve or as 
changes of the demarcation potential. The results were complex. Rela- 
tive positivity or relative negativity of the region treated bj’- a.c. or of 
neighboring segments could be recorded. 
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In general, the sign and magnitude of the polarization change depended 
on tlie intensity and frequenc^y of tlie a.c. applied and on the distance 
of the I’egion of the nerve investigated from the site of application of a.c., 
as follows. When, with constant frequency, the intensit}- of the a.c. 
applied was progre.ssivel.y increa.sed, the regions of the nerve at the pole.s 
or in the close neighborhood first became progressivel.y more negative 
with respect to a distant crushed point (cf. Bishop, 1032). Further in- 
tensification resulted, however, in dccrea.sed but more prolonged negativit)', 



B 
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Fig. 6. Changes of polarization. A.c. electrodes at ai and ci. Leads to the 
galvanometer from a and Cj. Downward excursions denote negativity of c; with 
respect to ei. The a.c. applied was in all cases with a frequency of 200 cycles per 
sec. The voltages were A, 1; 13, .3; C, 7; and D, 17. Time scale: 1 sec. Crushing 
the nerve between ci and cj resulted in the disappearance of all the changes recorded. 

as compared to the effects of weaker currents (fig. 6). Stronger inten.sities 
led usually to positivity during the passage of the current, followed 
prolonged negativity after ce.s.sation of the a.c. (fig. 6D, see Wedensky, 
1903). 

The influence of the frequency of the a.c. was readilj^ .seen by the ap- 
plication of different frequencies with a constant intensit 3 E The effects 
with relativelj" high frequencies (e.g., 15,000 cj’^cles per sec.) were much 
smaller than with .slow frequencies (e.g., 200 per sec.). If, however, the 
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high frequencies were made sufficient!}'- intense the results were similar to 
those obtained vdth weaker, slower frequencies. 

The distance from the a.c. poles was likevdse an important factor in 
determining the sign and magnitude of the changes of polarization ob- 
served. Thus, when a strong current ivas applied, so that the region of 
the nerve at the poles or in the close vicinit}^ became relativel}’- electro- 
positive, regions slightl}’- more distant from the poles could register electro- 
negativity vdth respect to a far, crushed reference point. 

The independence of the several effects of a.c. upon nerve. It was in- 
teresting to attempt to correlate the effects of a.c. upon the different aspects 
of nerve function studied here with each other and with the effects of 
electrical excitabilit}^ described previous!}^ (Reboul and Rosenblueth, 
1939). It was also interesting to investigate whether or not the effects 
of a.c. could be correlated with the Avell-known electrotonic actions of d.c. 
A specific question which arises in analyzing such a possible correlation 
is the following. Is decreased polarization alwaj'S associated with de- 
creased spike magnitude and increased electrical excitability and con- 
duction velocity, as the data on electrotonus and the membrane theory 
suggest? Several experiments were planned to answer this question. 

That the changes of spike magnitude may be independent of the changes 
of conduction velocity is indicated by the following observations. In 
figure 4 are illustrated tjqiical effects upon the nerve responses when a.c. 
was applied continuous!}’- for a prolonged period, first with progressively 
increasing and then with progressively decreasing intensity. The stimu- 
lating electrodes were placed at ai and hi (fig. 1) ; a.c. was delivered from 
di to /i and the record was taken from gri to hi. The solid lines show the 
responses during the application of progressively more intense a.c., and 
the dotted lines the responses when the a.c. was gradually weakened. 
Although the record was not taken at one of the a.c. poles, where the 
slowing was probably maximal, the discrepancy between the effects on 
spike magnitude and on conduction velocity, respectively, in the responses 
during progressive intensification as compared ■\^'ith the responses during 
gradual weakening of the a.c., clearly indicates the independence of the 
two depressive actions. 

A similar discrepancy between the recovery of spike magnitude and 
that of conduction velocity is illustrated by a different method in figure 7. 
The stimulating electrodes were at Oi and hi, the a.c. electrodes from Ci 
to Qi] and the records were taken from gi to hi, that is, from the region at 
one of the a.c. poles to the crushed distal end. The large rapid response 
is the control before application of a.c. The progressively increasing 
slower spikes were photographed at about 3-sec. intervals after a.c. (5,000 
cycles per sec.; 0.6 mam.) had been applied for 5 sec. — i.e., during recovery 
from complete block. 
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The fads which indicate that spike magnitude and conduction velocity 
may vary independently maj-- be summarized bj' the statements that as 
a rule weak currents can have striking action on spike magnitude with 
only slight effects upon conduction velocity, and after prolonged or strong 
applications of a,c., the slowing of conduct ion can long outlast the depres- 
sion of spike magnitude. 

That the electrical excitabilitj’ of nerve can vaiy independent!}' of the 
changes in spike magnitude and in conduction velocity is shown by the 
following observations. Reboul and Rosenblueth (1939) found that the 
electrical c.xcitability of the e.vtrapolar regions of the nerve near the a.c. 



Fig. 7. independenee of the recovery of spike magnitiKie and of conduction veloc- 
ity after a strong application of a.c. Stimulating electrodes at oi and bt. .t.c. 
electrodes at c; and gj for .A, and at fh and/* for B. Records from ^jand /j for .Aand 
B, respectively— i.e., from the region of the a.c. pole — , to the crushed region at h;. 
The responses were photographed without moving the camera. The largest and 
quickest control response was first taken. .-V.c. (frequency 5,000 cycles per sec., 
intensity 0.6 mam.) was then applied for 5 sec. Further pictures were then taken 
at about 3-sec. intervals as the responses, which had been entirely cancelled b}' the 
a.c., progress! velj' grew back toward normal. Time calibrations: 5,000 cj'clcs. 

electrodes decrea.sed when weak a.c. was applied and increased upon ap- 
plication of strong a.c. The pre.sent study, on the other hand, shows 
that the spike magnitude at those regions decreases progres.sively as the 
a.c. is intensified. This absence of correlation was tested on a given nerve 
as follows. Stimulating electrodes were placed at qj and bi and a.c. elec- 
trodes at Cl and dj. The maximal spike magnitude was recorded at Ci, 
by leading from that point to the crashed region at ho, before and during 
the pa.ssage of a.c. with a fixed frequency and various intensities. The 
changes of electrical excitability at Ci were then mea.sured by sending 
submaximal condenser discharges of con.stant capacity and amplitude 
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from d« to Ci (cathode) and recording the responses from to /i2 before 
and during the passage of a.c. Avith the same frequency and intensities 
that had been used before. The results were as usual ; the spike magnitude 
progressively decreased as the a.c. was intensified, while the electrical 
excitability first decreased and then increased at the point te-sted. 

The data on changes of polarization (fig. 6) clearly indicate the inde- 
pendence of these changes from those of spike magnitude and conduction 
velocity. As a.c. of a given frequency is progressive!}’’ intensified spike 
magnitude and conduction velocity gradually decline, while relative 



Fig. 8. Changes in spike magnitude and in polarization produced by a.c. and by 
d.c. (catelectrotonus). Stimulating electrodes at oi and 6i. A.c. or d.c. electrodes 
(impolarizable) at di and C\. Recording electrodes (impolarizable) at C; and A. 
The leads from these electrodes were made in parallel to the galvanometer and the 
capacity-coupled amplifier. Two additional capacities (0.1 ti F) were placed in each 
of the leads to the amplifier to prevent any d.c. interference from this source to the 
galvanometer. Upper tracing: nerve spike-potentials recorded from the cathode- 
raj’ oscillograph. Lower tracing: galvanometer; upward excursions denote relative 
negativity of di with respect to Ci. Time: 1 sec. 

A. A.C., frequency 10,000, average amplitude 9 v. 

B. D.C., 0.5 V. 

negativity first increases and later decreases to be substituted in some 
cases b}”^ relative positivity. This independence is also emphasized by 
the comparison of the effects of a.c. with those of d.c. In a series of ob- 
servations, vdth stimulating electrodes at ai and bi, a.c. or d.c. Avas applied 
from C2 to 62 and the responses Avere recorded monophasically from fi 
to hi. Typical results are illustrated in figure 8. Invariably Avhen the 
a.c. and the d.c. AA’ere adjusted so that approximately equal changes of 
polarization ensued the spike magnitude Avas more and longer depressed 
by a.c. than by d.c. 
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A comparison of changes of polarization Avith cliangcs of electrical ex- 
citability again reveals absence of con-elation. Thi-oiighout the range 
of intensities of a.c. which i-esnlt first in a decrease and then in an increase 
of electrical e.xcitability the region of the nerv'e tested maj' show relative 
negativity with respect, to a distant reference point. 

Discussion. There is no reason to assume that a.c. will have any 
effects on nerve qualitatively different from those produced bj^ d.c. It 
would be expected, therefore, that the action of a.c. should be e.xplainable 
as an interaction of anelectrotonus and catelectrotonus. 

Prolonged applications of a.c. have more marked effects than brief 
applications. It is obvious, therefore, that the anelectrotonic and catelcc- 
trotonic effects corresponding to each half-cycle, respectively, do not cancel 
their effects. The conclusion is supported b\' the fact that the after- 
effects of a.c. of a given fi-equency and intensity are con.sistcnt — i.e., they 
do not depend on the sign and amplitude of the current at the time when 
it is stopped. 

If anelectrotonus and catelectrotonus correspond to actions of the 
current of opposite sign on the same (one or several) structures or processes 
in nerve a lack of cancellation would take place if t he cathodal and anodal 
effects are asjTnmetric in their amplitude, their spatial distnbution or 
their time course. Such as 3 'mmetry was cstabli.shed b\' Pfliiger (1859) 
and has been abundantly confirmed. With weak d.c. the cathodal effects 
arc more prominent and widespread than the anodal effects. Strong 
currents lead to the opposite result. It would be expected accordingly 
that weak a.c. might be similar in action to catelcctrotonu.s, Avhile strong 
a.c. would duplicate the results of anodal polarization. In table 1 arc 
summarized some effects of weak or strong a.c. or d.c. It is apparent 
that the expectation mentioned is not confinned. 

Two alternative views are compatible with the data. The cathodal 
and anodal effects may not be due to oppo.site actions on the same proce.s.ses 
or structures but might be cau-sed In' influences exerted at different steps 
in the nenm. In such a case thej' could co-e.xist independently vdthout 
mutual cancellation. The .second suggestion is that the cathodal and 
anodal actions are not simple but complex. Thus, during weak catelectro- 
tonus there might be not onlj' an influence increasing the electrical ex- 
citability but also a marked tendencj’’ to decrease this excitability. This 
view could account for the reversal of effects which commonly' takes place 
upon ce.ssation of the d.c. applied, a reversal which has not received thus 
far an adequate explanation. There is no evidence available to support 
or reject either of these two h 3 ’'potheses. 

The discu.s.sion has dealt thus far with the effects of the electric current 
upon nerve. It is now interesting to consider the bearing of the data on 
the problem of the interrelation of different a.spects of nerve function. 
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The data illustrated in figures 4, 7 and 8, and those summarized in table 1 
emphasize the large degree of independence of the several features of 
nerve function studied. Conduction velocit 3 ’- depends probabh’^ on at 
least two factors, the amplitude of the stimulus delivered b 5 ’- the active 
region and the excitability of the succeeding segments. It is not difficult, 
therefore, to conceive that it might vaiy independenth-- of the changes in 
either of these two factors considered singty. 

The membrane theoiy suggests, on the other hand, that the spike ampli- 
tude should vaiy directlj’-, and the electrical excitabilitj'^ inversel 5 ’’ as the 
demarcation potential. The present data do not support this suggestion. 
Other facts can be quoted in support of the independence of the variables 
in question. Thus, as shown bj' Bishop and Erlanger (1926), a rise of 
temperatiu'e increases the demarcation potential and maj’- increase the 
spike magnitude, but it results in an increase, instead of a decrease, of 
electrical excitability. Similarty, Bishop (1932) found that cocaine, which 

TABLE 1 


A comparison of some actions of a.c. with the corresponding effects of d.c. 
The signs indicate: +, increase; 0, no change; — , decrease 



DEMARCA- 
TION POTEN- 
TIAL 

! 

SPIKE MAG- 
NITUDE 

1 

ELECTRICAL 

EXCITABILITT: 

CONDUCTION 

VELOcrrr 

Weak a.c 

— 

! 

— 


Strong a.c 

0, + 

— 

+ 

— 

Weak catelectrotonus 

— 

— 

+ 

+ 

Strong catelectrotonus 

— 

— 

— 

— 

Weak anelectrotonus 

+ 

+ 

— 

— 


produces no significant change in the amplitude of the spike potential, 
increases slightlj’- the demarcation potential and reduces markedlj’’ the 
electrical excitability. 

A theorj’^ of nerve conduction that covers the data is not available. 
For the present the suggestion wliich emerges is that if the three variables 
discussed are functionallj'^ related, as there is good reason to believe, the 
expressions for this relationship should include at least two independent!}’' 
variable parameters, to allow for the number of degrees of freedom in 
the sj’^stem. Thus, if the development of the spike potential corresponds 
not to a total depolarization of an interphase but to a partial breakdovm, 
capable of independent variation, the observed independence between the 
demarcation potential and the amplitude of the spike could be readilj^ ac- 
counted for. Similarl}', if the electrical excitability should be interpreted 
as depending not exclusive!}'- on the dgree of initial polarization but also 
on some additional independent factor, such as the rate of movement of 
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the ions concerned, then the independent variations of the demarcation 
potential and the electrical excitability would be explained. 

SUMMARY 

Applications of alternating currents (a.c.) to nerves result in a decrease 
of the amplitude of the spike potential at and in the neighborhood of the 
a.c. poles (figs. 2, 3 and 5). 

The conduction velocity of nen-e is .slowed by a.c. (figs. 3, 4 and 7). 
The demarcation potential is either decrca.scd or, less cominonh', in- 
creased by a.c. (figs. 6 and 8). 

The.se several changes and those of electrical excitability (Reboul and 
Rosenblueth, 1939) maj' occur independently (figs. 4, 7 and 8; table 1). 

The data are discu-ssed from the standpoint of the problem of the ac- 
tions of electric currents on nerves and from that of the problem of the 
functional relationship between the demarcation potential, the spike- 
potential amplitude and the electrical excitability of nerve. 
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In a previous communication a method for the determination of his- 
taminase in the tissues of the rat was given (Rose, Karady and Bro^vne, 
1940). It was shovTi that the only tissues containing the en 2 yme in this 
species are lung and intestine. It is well Icnown that the resistance of 
the rat and other species to histamine is markedly diminished follondng 
adrenalectomy (Gottesman and Gottesman, 1928) (Rose and Bronme, 
1938). It has further been shorni that the administration of cortin to 
an adrenalectomized rat vnll restore the resistance of this animal to his- 
tamine to normal (Gottesman and Perla, 1931) and the ability to in- 
activate histamine (Rose, 1939). 

In the following experiments, th? effect of adrenalectomy on the his- 
taminase content of rat lung was studied. A preliminary report of this 
has already been given (Rose and Karady, 1939). Further observ’^ations 
on the effect of treatment with cortin on the histaminase content of the 
lung of the adrenalectomized animal are reported in the present com- 
munication. 

Methods. Rats both male and female of a hooded strain weighing 
from 140 to 180 grams were used. Under ether anesthesia, bilateral 
adrenalectomy was performed and after allovdng the animals to recover, 
they were placed on a purina diet and given normal saline to drink. After 
an interval of 7 to 10 days, the time at which the diminished resistance 
to histamine is kno^Yn to be well established (Rose and Browne, 1938) 
the animals were again anesthetized nuth ether, and observing sterile 
precautions, the lungs were removed, washed free of blood in normal saline, 
and then placed on large sheets of filter paper to remove the excess mois- 
ture. At the same time, lung tissue from intact animals was removed in 
a similar manner. The lungs of all the animals in each group were then 
ground up, mixed, and an accurately weighed amount, usually 0.5 gram, 
placed ia Erlenmeyer fiaslcs of 75 cc. capacity containing 20 cc. of phosphate 
buffer of pH 7.2. To this was added 1 cc. of a histamine HCl solution 

^ Aided by a grant from the Banting Research Foundation. 
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containing 1000 y of histamine base per cubic centimeter. After the 
addition of 10 drops of Toluol, the flasks were placed in an incubator at 
38°C. for 16 houi-s. They were then removed, heated to 90°C. for five 
minutes and then made up to 50 cc. final volume. The histamine content 
was determined by the guinea-pig-ileum method. 

Results, a. Effect of adrenalectomy. Five groups of 5 animals were 
used in this series. The first three were maintained on saline for seven 
days, and then used. The results are sho\ni in table 1. The figures 

TABLE 1 


The effect of adrenalectomy on the ability of rat lung tissue to inactivate histamine 


zxpcniMENT 

1 

CONTROW 

adrekaebctomized 

1 

Weight o{ tissue ^ 

Amount liisiamino 
destroyed 

Weight of tissue 

Amount histamine 
destroyed 

Maintained on normal saline for 7 days 


grarM 

7 

gmrm 

Y 

157 

0.5 


0.5 

600 


0.5 


0.5 

600 


i 


0.5 

600 

158 

0.4 

750 

0.6 

750 


0.4 i 

750 

0.4 

650 


0.2 

400 I 

« 

0.2 

300 

159 

0.5 


0.6 

700 


0.5 


0.5 

700 




0.2 

300 




j Maintained on saline for 7 days and on 




1 water for 3 additional days 

164 

0.6 

800 

* 0.5 

400 


0.5 

700 


400 




0.5 

300 

167 

0.5 

800 

0.5 

400 


0.5 

700 


400 



1 

0.5 

300 


Tissue incubated with IOOO7 histamine for 16 hours. 


given denote the amount of histamine destroyed in 16 hours by varying 
weights of tissue. It will be observed that in experiments 157, 158, 159 
only a moderate decrease in the histaminase content occurred (approxi- 
mately 20 per cent). Since it is kuonm that adrenalectomized rats may 
be maintained for long periods of time on normal saline alone, it was decided 
to place the animals on water for three additional days. Such animals 
become quite weak and die within 4 to 5 days. The results of this procedure 
on the histaminase content of lung are shown in experiments 164 and 167, 
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table 1, and experiments 170, 182 and 188, table 2. It wll be noted that 
there is a marked diminution in the histaminase content of the tissue, 
40 per cent of the histamine being destroyed as compared to 75 per cent 
in the same time by an equal weight of tissue from intact animals. 

b. Effect of administration of corlin. Six groups of adrenalectomized 
animals were used. Thej’' were maintained on normal saline for seven 
days. Three of these were then given 2 cc. of Wilson’s Cortin- intra- 
muscularly twice daily for 4 days and the saline replaced by water. On 
the 12th day the animals were lulled and the tissues removed in the usual 
manner. The other three groups were taken off saline on the 7th day and 

TABLE 2 


The effect of the adminislration of corlin to adrenaleclomized rats on the ability of lung 

tissue to inactivate histamine 



! HISTAMINE DE3TROTED BT 0.5 GRAM OF LUNG TISSUE 

1 

ErCTEKrMEKT NT7MBER 

Controla 

1 Adrenalectomized, main- 
tained on normal salino 

7 days and on water for 

4 days 

Adrenalectomized, main- 
tained on normal saline 

7 days and on cortin for 

4 subsequent days plus 
water to drink 


T 

r 

7 

170 

750 

400 

600 



450 

500 


! 

300 

700 


1 


750 


1 

i 


1 700 

182 

700 

400 

600 



600 

600 



300 

600 




600 

188 

650 

600 

700 


1 

525 

700 



500 

700 

i 

i 


1 

700 


Tissue incubated with lOOOy histamine for 16 hours. 


placed on water for the remaining four days, at which time they were used. 
There were also tliree groups of intact animals whose lung tissue was 
removed and incubated in the same manner. The results are sho^vn 
in table 2. 

It will be observed that the ability of the lung tissue of adrenalectomized 
animals to destroy histamine is restored by the administration of cortin 
in the amounts indicated, so that an average of 65 per cent of the added 
-histamine is inactivated by 0.5 gram tissue. 

* Supplied through the courtesy of Dr. D. Klein and the Wilson Laboratories, 
Chicago. • 
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Discussion, The decrease in resistance to histamine following adrenal- 
ectomy may be explained in part by a decrease in the histaminase content 
of tissue, based upon the above results. Since in the rat, the major part 
of histamine inactivation takes place by the kidney and liver (Rose and 
Browne, 1938), and since neither of these two organs contains histaminase 
in this species (Rose, Karady and Bro\Mie, 1940) it does not seem likely 
that the decrease in histaminase is a major factor in causing the delay in 
the destmction of injected histamine in the adrenalectomized animal. It 
may, however, play a minor role. Furthermore, the adrenalectomized rat 
maintained on normal saline is markedly sensitive to histamine as com- 
pared to the normal intact animal and, as noted above, there is only a 
moderate diminution in the histaminase content of the tissue, unless the 
adrenalectomized animals are deprived of normal saline. It is also in- 
teresting to note in this connection that there is an increase in the histamine 
content of the small intestine and stomach of adrenalectomized rats, and 
that this increase is even greater when the animals are given water instead 
of normal saline to drink (Rose, 1940). 

It has been shoum that the ability of the adrenalectomized rat to destroy 
histamine may be restored to normal by the administration of adequate 
amounts of cortin (Rose, 1939). This may also be in part accounted for 
by the above results. It is known that anaph 3 dactic shock is much more 
readily produced in the adrenalectomized rat than in the intact animal 
(Wyman, 1929). This might be explained in part by the fact that there 
is a decrease in histaminase and an increase in the available histamine in 
certain tissues. 


CONCLUSIONS 

The effect of adrenalectomy on the histaminase content of the tissue 
of the rat has been studied. It has been shown that if animals are adrenal- 
ectomized, maintained on a standard diet, and given normal saline to 
diink, there occurs a diminution of the histaminase content of the Irmg. 
If w’^ater is substituted for the normal saline, an even greater diminution 
occurs. The diminution of histaminase in the lung tissue of the adrenal- 
ectomized rat may be restored to Avithin normal limits by the administra- 
tion of adequate amoxmts of cortin. The significance of these findings 
is discussed. 
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Rapidly precipitated transitory opacities of the lens have been noted 
in laboratory animals incidental to the following conditions: slow asphyxia 
— rat (1); “alarm reaction” — rat, cat (2); toxic substances (especially 
adrenalin) — rat, mouse (3). Extensive studies on the more slowly de- 
veloped cataracts of metabolic origin have been published (galactose 
feeding, naphthalene, deficiencies in the components of the vitamin Bo 
complex — cf. 4) but the acute reversible type has in all probability been 
passed over by many observer as toxic cataract of little significance in 
the physiolog}’- and pathology of the human lens. Biozzi (1) studied it 
in some detail from the physiological and histological standpoint. Nord- 
mann (6, 7) in a r4sum4 of his researches on cataract discussed it at length. 
In this and in the more recent review (5) are mentioned Collevati’s observa- 
tions on the regular occurrence of opacities following the administration of 
adrenalin, which apparently still lack confirmation. 

Recently the 1909 report of Schultz (3) on the comparative activity of 
various adrenalin preparations has come to my attention, in which he 
describes in detail this toxic effect of adrenalin for the mouse lens. Al- 
though the frequency of its occurrence Avas not explicitly stated, his ob- 
servations on the effective range of adrenalin dosage, the speed of onset, 
the complete reversibility of the cataract, and the unpredictable variation 
in the reaction of the mouse were in close agreement vnth the obserA'ations 
reported below. 

Methods. Originally the limited data available suggested that the 
change in the lens might be associated with a combination of adrenalemia 
and shock. Therefore the effects of single toxic intraperitoneal injections 
of adrenalin alone (adrenalin chloride, 1:1000 sol., Parke Davis), of his- 
tamine alone (ergamine acid phosphate. Burroughs Wellcome), or of his- 
tamine followed by adrenalin, were obserAmd as regards changes in the 
lens in male and female mice (average weight 20 grams). 

Results. Adrenalin. Within 3 to 10 minutes from the time of injec- 
tion of from 0.3 to 0.7 mgm. per 100 grams of the dnig, the following train 

543 



CAROLINE TUM SUDEN 


5M 


of symptoms occurred: quietly increasing prostration, dyspnea, lachryma- 
tion, salivation, cyanosis, exophthalmos, and in severe states reduction 
or absence of the light reflex. Individual variation was marked in some 
animals (cf. 3), the severity of the reaction with the smallest amount of 
adrenalin in some being equal to that witli the maximum dose in others. 
The degree and frequency- of the rc.sponse tended to be increased after 
moderate fasting (4-6 hm.), definite rigor appearing in a few. The total 
mortality for non-fasted mice averaged but 1 1 .8 per cent in this range of 
dosages but suddenly increased to 70 to 100 per cent starting at 0.8 mgm. 
per 100 grams with an occasional mouse surviving 1.0 mgm., while the 
total mortality of fasted mice reached 19.9 per cent because of the increased 
number of delayed deaths, i.c., incomplete recovciy and relapse (shock- 
like death). 

Single or double transitory opacities developed within the fimthour after 
the injection, with increasing frequenej’^ (from 10 per cent to 57 per cent) 
as the dosage of adrenalin increased from 0.3 mgm. to 0.7 mgm. The 
average time of onset was 30 minutes, although changes in the lens were 
often visible under magnification in 15 minutes. In a few, 60 minutes 
elapsed before the development of an initial diffuse cloud which rapidly 
progressed in intensity with marked precipitation of the suture pattern. 
The depth of the opacity varied with the individual from an irregular small 
area of clouding -with a partiallj’’ defined suture pattern, to a heavy uniform 
cloud with a dense “Y” formation, or the solid white marble eye noted by 
others. The duration of the cataract was proportional to the density 
attained, a light opacity reaching maximum and clearing Avithin 30 minutes, 
whereas an intense cataract required about one hour to reach maximum and 
two to three hours for dispersion. The first signs of clearing started -vAdth 
a more or less central loss (breaking) of the uniform turbidity with a slower 
fading of the arms of the “Y”. In vivo and in vitro the whitish substance 
seemed to recede toward the equator of the lens. 

No consistent correlation Avas apparent betAveen the intensity of the 
cataract and the degree of collapse, exophthalmos, cyanosis, etc., an oc- 
casional positiAm case retaining an acthm light reflex. 

Biopsies of eyes showing A’^arying degrees of opacities confirmed the gross 
observations that the reaction Avas limited strictly to the lens. The cloud- 
ing Avas due to the formation of a subcapsular semifluid milky substance 
confined to the superficial cells of the anterior cortex. According to 
Biozzi (1) no histological changes are found in the epithelium or the capsule 
other than an occasional A’^acuolization of the superficial cortical fibres. 
Since examination of a typical specimen of an adrenalin-induced opacity 
confirmed this, further histological studies were postponed. 

Histamine. As may be seen from the table, the mice reared in this 
laboratory shoAA'cd the usual high i-csistance to histamine, 3 mice surviAung 
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180 mgm. per 100 grains. There were no ^nsible alterations in the clarit}’- 
of the lens following injection. 

Histamine and adrenalin. The injection of adrenalin (0.5 and 1.0 
mgm. per 100 grams) was given 10 to 20 minutes after histamine before 
the characteristic symptoms of shock had appeared (circulatory stasis, 
cyanosis, exophthalmos). 


TABLE 1 
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■ 

Per 
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Ac- 

tual 

num- 
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mgtn» 

mgm. 




min^ 

utes 


Tnin- 

utes 



1 

i 



Normal 


0.3 

11 

1 

9.9 

15-20 

1 

45 

0 

0 

0 


11 

0 

Normal 


0.5 

84 

30 

42.7 

15-20 

20 


8 

9.5 

2 

1 2.3 

53 

21 

Normal 


0.75 

7 

4 

57.0 

38-50 

4 

00-190' 

1 

14.2 

0 

0 

0 

0 

Normal 


1.0 

5 

1 

20.0 

20 

0 


4 

80.0 

!• 


0 

0 

Fasted ca 0 

i 

0.5 

54 

33 

01.1 

20^0 

22 


3 

5.5 

8 

1 

HA 

18 

1 

25 

hours 

Histamine 

SO-ISO 

0 

15 

° 1 

0 

0 

0 


0 

0 

0 

0 

15 

0 

Histamine 15 

12.5 

0.5- 

8 

0 

75.0 

15-23 

0 

54-75 


0 

0 

0 

8 

0 

minutes be- 

25.0 

0.5 

11 

2 

18.1 

15-30 

2 

[*5 S 


0 

0 

0 

11 

0 

fore adren- 

50.0 

0.5 

28 

3 

10.7 

15-50 

3 

' 8 K 

1 

3.0 

1 


20 

0 

alin 

25.0 

1.0 

10 

15 

93.7 

20-00 

3 



0 

1 


12 

3 


35.0 

1.0 

13 

10 1 

70.9 


8 

!8!S 


0 

1 


9 

3 


50.0 

1.0 

20 

8 

40.0 

m 

7 

98-212 


0 

5 


20 

0 

Gynergen 11, 


0.5 

S 

0 

0 


0 



0 

0 

1 

0 

8 

0 

0.2 mgm. 
Phloridzin, 1 


0.5 

13 

1 

0 ' 

0 


0 



0 

0 

0 

13 

0 

mgm. fasted 



1 



IH 

! 




1 





* Died 2 to 3 hours after adrenalin injection. 


From the table it may be seen that the injection of adrenalin super- 
imposed upon a mild degree of histamine intoxication modified the toxic 
effect of adrenalin in three ways: 

1. When the proportion of the histamine to that of adrenalin was about 
25:1 the incidence of cataract increased 30 to 40 per cent above the maxi- 
mum caused by the same amount of adrenalin alone. The formation of 
the opacity was in all respects identical vdth that described above. There 
was some indication of increased duration and intensity, but slight differ- 
ences of this nature in animals with considerable variation are difficult 
to determine. 

2. "When the am min t of histamine was increased, so that the ratio of 
the dosages of the drugs definitely exceeded 25:1, the incidence progres- 
sively declined. 
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3. The acute and rapidly fata! systemic reaction usually following such 
dosas of adrenalin did not develop, the mortality dropi)ing and all but one 
death occurring several liours after the injection. This change resembles 
alterations in the reaction to adrenalin intoxication obseiwcd in rats (15). 

Blood sugar. From the glycogenolytic character of the inciting agent 
and the time of appearance of the opacity, the hyperglycemic reaction 
seemed to be implicated as the initiating factor of diverse and extensive 
systemic effects ultimatelj'- modifying the stability of lens metabolism. 
Furthermore in a short series of mice previously treated with ergotamine 
(Gynergen II, Sandoz) which inhibits adrenalin hyperglycemia, and in 
fasted mice after a single injection of phloridzin, no opacities could be 
produced. Therefore an attempt to obtain some comparative figures on 
the blood sugar in cataractous and non-cataractous mice seemed desirable. 
Because of the circulatory stasis during adrenalin intoxication reliable 
peripheral blood samples are not obtainable. The mice were sacrificed 
for the Hagerdorn-Jensen (HJ) micro-determinations on heart blood 
specimens. However, some- preliminarj'- attempts Avere made to follow 
roughly the blood sugar changes using the more rapid Folin-jMalmros 
(FM) micro-method. 

In untreated, unanesthetized, fed or semi-fasted mice, tail blood is 
easily obtained; but because of the excitability and restlessness of the 
species rapid elevation of the blood glucose occurred frequently, ranging 
from 68 to 172 mgm. per cent HJ or from 112 to 234 FM. In apparently 
quiet mice, hoAVever, the average for 3 cases was 94 mgm. per cent HJ 
and for 5 cases 116 mgm. per cent FM. 

Blood sugar determinations on heart blood of non-cataractous mice, 
20 to 40 minutes after the injection of adrenalin (0.5 mgm.), shoAved more 
uniformity betAveen individuals and more agreement betAvecn the tAVo 
methods. In 5 cases the aA^erage Avas 220 mgm. per cent HJ (range — 156 
to 279), and in 4 cases the average AA^as 225 mgm. per cent FM (range — 172 
to 292). In cataractous mice under the same conditions the blood sugar 
in 7 cases averaged 123 mgm. per cent HJ (range — 87 to 181), but by the 
FM method the blood reducing A'alues in 12 cases averaged 412 mgm. per 
cent (range — 252 to 600). According to the Hagerdorn-Jensen detei- 
minations, therefore, there appeared to be an unexpected but consistent 
low ‘True” glucose leAml in the cataractous mice during the period Avhen 
a marked hyperglycemia due to adrenalin should occur, while the high 
values obtained by the Folin-Malmros method indicated a spectacular 
ri.se in the non-glucose reducing fraction. 

Discussion. In the adrenalin-induced cataracts in mice the speed of 
onset, the rcA’^ersibility, and the opaque, hydrated state of the anterior 
cortical tissue are grossly similar to the initial stages of cataracts associated 
Avith carbohydrate disturbances as described by others (galactose cataracts 
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in rats 9, 10, 11; naphthalene cataracts — 4, 12; certain senile varieties 
in the diabetic human — 9, 13; the rare cataracta diabetica— 14). Physi- 
ologically they are elicited by the use of a glycogenolytic agent, adrenalin, 
and facilitated by histamine. A “true” hyperglycemia does not develop, 
however, as sho^vn by the Hagerdorn-Jensen method. A similar situation 
has been reported for galactose cataracts (10). The high Folin-Malmros 
values may indicate a marked increase in the intermediate products of 
sugar metabolism, since this method is sensitive to non-glucose reducing 
substances. The significant increase in the incidence of cataract for fasted 
mice and the fact that histamine may start a demobilization of glycogen 
(15) and the development of an acidosis also point to acidosis as a possible 
etiological agent, but no consistent correlation vuth the incidence of 
cataract has been proved (cf. 14). The failure to iuduce opacities in 
mice after gynergen treatment, which prevents the adrenalin hyperglycemic 
response and the circulatory collapse, signifies nevertheless the essentiality 
of carbohydrate participation in the process of opacification. 

A second complex of factors, namely, circulatory embarrassment and 
transfer of fluid to tissues, is according to several authors (9, 14, 16) the 
fundamental disturbance in diabetic states accounting for the hydrated 
state of the lens. The sequence of events between the systemic and 
ocular changes and the dominating extrinsic or intrmsic factors initiating 
imbibition of water by the lens are not yet clearly established, although 
the immediate osmotic imbalance and altered permeability may be con- 
ditioned by a plethora of carbohydrate metabolites (16), and certain 
intrinsic physico-chemical changes have been shovui to parallel the catarac- 
tous process (cf, 5, 12). 

Impairment of the circulation and disturbed fluid balance are pre- 
dominant reactions in adrenalin intoxication 'f2, 8); and the marked vaso- 
dilatation of the uveal tract, strikingly visible in the eyes of albino mice, 
indicates that the ocular tissues are no exception to the systemic reaction. 
Furthermore, cataracts appear with the signs of anhydremia, and clear 
as circulatory improvement and diuresis begin. Hence the effect of 
histamine in increasing the incidence of opacities may well be due to an 
intensification of this second factor by its characteristic action on capillary 
dilatation and peiTneability, in addition to its possible effect on the carbo- 
hydrate cycle. That a combination of acute carbohydrate disturbance 
with the circulatory changes is essential for opacification is shown by the 
fact that histamine alone, or in amounts which offset the predominance of 
the adrenahn effects, leads to no opacification of the lens as the shock 
S3aidrome develops. Otherwise, rapid transitory opacities should be in- 
duced during the developmental stages of histamine shock, or their in- 
cidence should be increased rather than decreased as the ratio of histamine 
to adrenalin exceeds 25 : 1 (see table). Therefore it appears that conditions 
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which set up an acute glycogenolytic reaction (e.g., adrenalin intoxication), 
but not necessarily simple hyperglycemia, can lead to temporary changes 
in the stability of the lens and its capsule if there is an impairment of the 
circulation sufficient to interfere ndth complete oxidation of the products 
of carbohydrate breakdowm and/or osmotic adjustments. A condition 
which aggravates either factor (or both, e.g,, histamine) can facilitate 
the lens changes, although it may not be able to initiate them when acting 
alone. 


SUMMARY 

1. Reversible subcapsular lens opacities are produced in mice after 
single intraperitoneal injections of toxic but non-fatal amounts of adrenalin. 

2. Moderate doses of histamine administered a few minutes before the 
injection of adrenalin increase the incidence of opacities and reduce the 
mortality of lethal doses of adrenalin. 

3. The process of opacification appears to be related to some aspect 
of the carbohydrate disturbance (other than a simple elevation of the 
circulating glucose) and to the concomitant temporaiy circulatory im- 
pairment. 
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Refrigeration of rats increases the activity of the thyroid gland. This 
fact has been experimentally shown by several investigators. Seidell and 
Fenger (1) in 1912 analyzed the iodine content of thyroid glands during 
summer and winter. They found e\ddence of iodine storage during sum- 
mer and depletion in winter. Mills (2) in 1918 observed increased thyroid 
activity in rabbits, guinea pigs and cats after exposure to low emdron- 
mental temperatures. Cramer (3) in 1920 reported obseiwations on rats 
and mice after refrigeration and concluded that the low temperature 
produced experimental hjqDerthyroidism. Riddle (4) in 1927 reported 
that the thi^oid gland of the pigeon is more active in winter than in sum- 
mer. Benedict and McLeod (5) found higher oxygen consumption in 
animals living in the cold than in animals at room temperature. Mason 
(6) corroborated Benedict and McLeod’s results on human subjects living 
in different climates. Kenyon (7) reported thyroid hypertrophy as a 
result of refrigeration of his animals. Kuschinsky (8), later in 1933, and 
Woitkewitsch (9) in 1935 confirmed Kenyon’s work; and Wolf and Greep 
(10) reported similar results in 1937. Ring (11, 12) showed that the body 
temperature of animals increased when they were exposed to cold and that 
to demonstrate hypertrophy of the thyroid, a refrigeration period of three 
weeks was necessary. Uotilla (13, 14, 15, 16) has applied the cold-stimu- 
lus mechanism recently in determining the role of the sympathetics, an- 
terior pituitaiy and h^T^othalamus in th3u-oid function, and has measured 
the increase in height of the thyroid epithelium. Other investigators have 
used various methods to determine the changes in the thyroid, namely, 
oxygen consumption, iodine storage, gross estimation of a microscopic 
picture, and weight gain of the glands. 

Method. We applied the method of Starr and Rawson (17) to the assay 
of our specimens. We believe this is a more strictly quantitative proce- 
dure than any of the methods cited above. Tissues were removed from 
the animals and preserved in fonnalin fixative for 24 hours. They were 
then prepared for histological examination. The sections were examined 
under low power; the mean ceU height was then measured under oil im- 
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mersion. TJie microscope was equipped with an eschelon ocular microm- 
eter (LeitzJ calibrated in micra. In measuring the cell height each acinus 
is observed. The average cell height is judged by eye and measured b}-^ 
the ocular micrometer. This measurement is recorded. Two hundred 
such acini are measured and the arithmetical mean cell height (IM.C.H.) 
is determined. 

Rats were exposed to the temperature of an ice refrigerator which was 
equipped with a double insulating side panel of glass, allowing a full view 
of the ice and cold chamber in which the rats were caged. The refrigerator 
was placed in a bright room. Air circulation was automatic by means of 
convection currents. The ice was placed in a chamber above the rat 
cages. A pipe equipped with a loose-fitting connection in which small 
holes were punched to allow correct c.xchange of air, drained the ice- 
chamber. The temperature of the refrigerator ranged from 12° to 17°C. 
Our refrigerator was never colder than 12°C., whereas the temperature of 
an -electric refrigerator such as was used by former investigators, is main- 
tained near freezing. We believe this temperature difference to be of 
great importance. The conditions of our experiment give the thjwoid a 
moderate stimulus, producing gi-adual changes that can be measured. 
The relativelj’’ greater coldness of the electric condensing refrigerator pro- 
duces ^’iolent changes in the thyroid. The animal, especiall}’’ if handi- 
capped by a complicating operation, can not survive more than a few days. 
The diet upon which the rats throve was a mixture of milk powder 4 parts, 
whole wheat flour 4 parts, and an equal amount of calcium carbonate and 
uniodized sodium chloride -J- part. The time of cold exposure varied from 
3 to 56 days. At the end of this period the rats were weighed, Idlled 
with ether inhalation and the thj'roid glands removed. 

Table 1 is a compilation of mean cell heights measured from the th 3 ''roids 
taken from control rats and rats which w'ere refrigerated for var^nng periods 
of time, namely, 3, 7, 14, 18, 21, 28, 35, 45 and 56 da 3 's. The animals 
maintained at room temperature had an average cell height of 5.28 micra. 
Refrigeration for three days produced a limited but definite hypertroph 3 ', 
the mean ceU height for 10 animals averaging 5.90 micra. Refrigeration 
for 11 more days showed no further effect on the cell height which at that 
time (14 days) averaged only 5.87 micra, the average being calculated from 
measurements on eight rats. On the 18th day of refrigeration the cell 
height averaged from 7 animals \vas 7.95 micra. This is a marked second- 
aiy hypertrophy, which remains more or less stationary until the 45th 
da 3 ’' when the reaction is at a maximum, with six animals averaging a cell 
height of 9.08 micra. Between the 45th and 56th da 3 '^s the average cell 
height dropped from 9.08 micra at 45 days to 6.23 micra at 56 da 3 '^s. Seven 
rats were included in the 56 day series. This level at 56 da 3 ’^s closel 3 '’ 
approximates the h 3 q 3 ertrophy seen after three days of cold exposure. 
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The colloid graduallj^ disappears until the 18th daj^ when all that remains 
is a fine reticulum which in most cases continues in this state until after 
the 45th day when the colloid begins to reappear. After refrigeration for 
56 days involution with colloid storage is greater in some animals than in 
others. The measurements of these changes are given in table 1 and illus- 
trated in figures 1 to 6 — photomicrographs of the glands of animals killed 
after varjdng periods of time; figure 1 is a section of a room temperature 
control rat; figure 2 is a section of the gland of a rat refrigerated for 3 
days; figures 3 to 6 are pictures of glands autopsied at 14, 21, 45 and 56 
da3>'s. 

To investigate the role of iodine in this cj’^cle of events we refrigerated 
17 rats for 21 daj^s. To one group of 3 rats, after preliminaiy ice-box 
treatment of 24 daj’^s’ duration, we administered iodine dailj’’ in doses of 
10,000 gamma, for three daj-^s in the form of potassium iodide solution in- 

TABLE 1 


Rat thyroid mean cell height in micro after increasing dvration of refrigeration at 15°C. 


HEFRIOERATION 
TIME 1 

NtTMBEn 

RANGE 

AVERAGE 1 

MEAN ! 

1 

statistical 

MEAN 

CRITICAL 

RATIO 

days 

Room temp. 

11 

4.97- 5.98 

j 

5.28 

5.323 


3 

10 

4.80- 6.60 

5.90 

5.825 

11.1 

7 

6 

5.57- 6.43 

6.08 

5.908 

11.2 

14 i 

8 1 

5.42- 6.56 

5.87 

5.891 

11.7 

18 

7 

6.64- 9.47 

7.95 

8.091 

52.1 

21 

11 

6.61- 9.36 

7.89 

7.964 

! 52.4 

28 1 

8 

5.26- 9.16 

7.45 

7.473 

33.9 

35 

5 

7.11- 8.35 

7.80 

1 7.797 

39.2 

45 

6 

8.0 -10.28 

9.08 

9.016 

60.6 

56 

7 

5.34- 7.10 

6.23 1 

[ 6.224 

18.8 


traperitoneall}’-, and then killed the rats. The cell heights averaged 8.81 
micra. Another group of 3 rats was refrigerated for 21 days and then in- 
jected with potassium iodide in dailj'' doses of 2000 gamma for a period of 
12 daj’^s. They were autopsied on the 33rd dajL The mean cell heights of 
these animals averaged 5.73 micra. Still another series of 9 rats was 
refrigerated for 21 daj^s. Injections of sodium iodide solution of different 
concenti’ations ivere begun on the third daj'' of refrigeration; three of the 
group were injected intraperitoneally with 10 gamma daily doses of sodium 
iodide; three received 1000 gamma of sodium iodide intraperitoneallj’^ per 
day; and the third group of three rats was given daily injections intraperi- 
toneally of 10,000 gamma. The concentrations were such that each ani- 
mal received 1 cc. per da 3 L On the 21st day the rats were autopsied, 21 
days’ refrigeration being sufficient without iodine supplements to cause 
the secondaiy h 3 qDertroph 3 L The average thyroid mean cell height of the 
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animals of this series receiving 10 gamma of potassium iodide was 6,85 
micra; that of those receiving 1000 gamma was 5.93 micra; and that of 
those receiving 10,000 gamma of .sodium iodide was 5.18 micra. 

A further series of 8 rats was injected with sodium iodide. The entire 
series was given pi-e-refrigeration treatment with sodium iodide, three 
rats receiving 10 gamma per day; two, 1000 gamma daily; and three re- 
ceiving 10,000 gamma per day. Tlie injections were continued for 26 



Figs. 1 to 6. Photomicrograplis showing histological changes in the thjToicl 
produced by continuous refrigeration at 12 to IT^C. 

Fig. 1. Control. 

Fig. 2. Throe days’ refrigeration, showing some loss of colloid and a small amount 
of hypertrophy of the acinar cells. 

Fig. 3. Fourteen days’ refrigeration: The cells remain the same height but the 
colloid has been lost from the acinar lumen. 

Fig. 4. Twenty-one daj^s’ refrigeration: Colloid reticulum onlj’' remains; cells 
definitely more hj'pertrophic. 

Fig. 5. Forty-five days’ refrigeration: Cells markedly hypertrophic. 

Fig. 6. Fifty-six days’ refrigeration: Involution of hypertrophy; cells are lover 
in height; colloid storage has occurred. 

days. On the fifth day of treatment the animals were placed in the 
refrigerator where they remained for 21 days. At the end of this time they 
were killed and the thyroid studied. The mean cell height of the animals 
receiving 10 gamma was 6.26 micra; that of those receiving 1000 gamma 
averaged 6.85 micra; and that of those receiving 10,000 gamma was 6.22 
micra (see table 2). All of these animals were refrigerated an adequa,te 
length of time to allow a maximum hypertrophj’^ of the acinar cells, that is, 
a mean cell height of 7.95 micra, as noted after the 18th da}’’ of refrigera- 
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tion. In all but three of these animals the thyroid epithelium was lowered 
at least to the level noted at three days of refrigeration; the three which 
remained high were injected only three days with a dosage of 10,000 gamma 
of potassium iodide, after secondary hypertrophy had been produced with 
iodine. This time factor probably pla3’^ed a dominant role in the sub- 
maximal response to the iodine administered. In the group of animals in 
which the cell height was markedlj'^ reduced, three showed reduction to a 
level the same as that of the room temperature control rats; the remaining 
17 rats (73.9 per cent) showed cell counts aiiproximating the level of the 
primaiy slight lij’-pertroplty noted after three daj^s’ refrigeration. 

These experiments suggest that even a large dosage of iodine over a short 
period of time is insufficient to lower the cell height in a thyroid gland 
which histologically’' shows the picture of secondary’- hy’-pertrophy. They 
further suggest that the small amount of hy^pertrophy'- noted from 3 to 14 

TABLE -2 


The effect of iodine on rat thyroid mean cell height during refrigeration 


GROUP 

1 

NUMBER OF 
ANIMAI^ 

REFRIGERATIOK | 
TIME ! 

IODINE DOSAGE 

NUMBER OF 
DAYS TREATED 

MEAN CEDE 
HEIGHT 



days 

gamma j 


mxcra 

I 

3 

27 

10,000 

3 

8.81 


3 

33 

20,000 

12 

5.73 

II 

3 

21 

10 

19 

6.85 


3 

21 

1,000 

19 

5.93 


3 

21 

10,000 

19 

5.18 

III 

3 

21 

10 

26 

6.26 


2 

21 

1,000 

26 

5.85 


3 

21 

10,000 

26 

6.22 


days of refrigeration is not due to iodine deficiency but to a functional 
activity of the thyroid gland in response to adequate stimulus ; but that the 
further increase in cell height seen after 18 days is due to a deficiency'- in 
the supply of iodine to the animal. The increased cell height before de- 
pletion of colloid, that is, from 3 to 14 days, is an indication of an increased 
rate of thyu’oid hormone formation in response to need created by'- refrigera- 
tion. The additional secondaiy hy'^perti’ophy after colloid depletion (from 
18 to 45 day-s) is not an index of a still further increased rate of thyu’oid 
hormone production since it can be prevented by'^ providing iodine. The 
cold environment at 18 day's is the same as that at 14 day's. There is, 
therefore, no greater need for thy'roid hoi’mone at 18 or 45 day's than there 
was from 3 to 14 days. 

One would expect the same type of early' plateau in animals injected with 
increasing amounts of thy'rotropic hormone. In examining Starr and 
Rawson’s curve (17), made from the measurements of guinea pigs given 
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Antuitrin-T (Parke, Davis),’ one dose per da.y for three days at room tem- 
perature, the animals being killed on the fourth day, an increase in cell 
height is observed as the dosage is increased (fig. 7). 

An Antuitrin-T dosage of 0.0025 cc. increased the mean cell height 0.69 
micra over the control level of 3.93 micra. An increase in dosage of 0.0025 
cc. to 0.005 cc. increases the cell lieighi b.v an additional 0.46 micra. This 
is double the original dose, or a 1 00 per cent increment. Now, if the dosage 
is again doubled, to make the daily injjcelion 0.01 cc. of Antuitrin-T, the 
actual increase in injected hormone is 0.005 cc. or twice that of the former 
increment, but. the reaction is still only sufficient to increase the mean cell 
lieight another 0.52 micra. A daily dosage increase from 0.01 to 0.02 
cc. is an increase of 0.01 cc. per injection and is twice the increment of the 


TABLE 3 

Guinea pig thyroid mean cell height leith increasing dosage of thyrotropic extract acting 

for three days 


ANTUirniN-T DOSAGE 

DOSAGE IKCREMENT 

CZIi JIEICIIT 

. 

CEI.I. HEIGHT 
IN'CHEASE 

CC» 


micro 


Control 


3.93 


0.0025 

0.0025 

4.62 

-1-0.69 

0.005 

0.0025 

5 . 0 s 

-fO.46 

0.01 

0.005 

5.60 

d-0.52 

0.02 

0.01 

6.09 

-1-0.49 

0.03 

0.01 

7.96 

-fl.87 

0.04 

0.01 

8.50 

-1-0.54 

0.05 

0.01 

7.87 

-0.63 

0.085 

0.035 

8.28 

-fO.41 

0.1 

0.015 

8.02 

-0.26 

0.5 

0.400 

8.23 

-1-0.21 


former case. This dosage of 0.02 cc. increases the mean cell height an 
additional 0.49 micra. Then, if the daib' dosage is increased from 0.02 
to 0.03 cc., an increment of the same amount as between 0.01 and 0.02 cc., 
the cell height increase is 1.87 micra or nearl}’^ four times the increase seen 
with the same increments but small total dose as reported above. Furthei , 
increase of daily dosage above 0.03 cc. I’esults in no further increase in cell 
height. 

The interpretation of this series of experiments was that as the dosage 
of Antuitrin-T was increased, the mean cell height increased steadily until 
a maximum cell height was I’eached, at which time an excess of Antuitrin-T 
failed to produce further increase. With our interpretation that the 

‘ Generously provided 63 ' Dr. E. A. Sharp of Parke, Davis and Company. 
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greater h3rpertropliy is an index of iodine depletion, we may analyze the 
curve of Starr and Rawson and find that if a hne is drawn touching the 
points plotted for the mean cell height levels, the curve resembles that 
drawn from glands of refrigerated animals (fig, 7). Thus, there is a slow 
increase in cell height until a dosage of somewhere between 0.02 and 0.03 
cc. of Antuitrin-T is reached. Doses larger than 0,02 cc. of Antuitrin-T 
daily cause a response out of proportion to the increase in dosage. The 
histological picture is one of gradual colloid depletion until after the dosage 
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Fig. 7. Curves drawn from thyroid mean cell height measurements of rats after 
refrigeration and guinea pigs after three daily injections of Antuitrin-T. Figures 
on Antuitrin-T curve indicate number of animals used. 


of 0.02 cc. Antuitrin-T is reached. A dosage of 0.03 cc. of Antuitrin-T 
causes complete absence of colloid with very high acinar cells. 

This analysis suggests that the cell heights of 3.93 micra to 6.09 micra 
are an evidence of functional activity, while the ultimate ceU heights, 
7.96 to 8.50 micra, are evidence of thyroid response in the presence of 
colloid depletion. The period of observation in these assays, 96 hours, 
allows depletion to occur in response to the first and/or second injections. 
When these are of the critical amoxmt found to be more than 0.02 cc. 
Antuitrin-T the third injection produces the excessive secondary response. 
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SUMMARY 

Eleven rats were killed at different times during the year and a normal 
cell height of the th 3 *roid epithelium of 5.28 micra was found. The mean 
cell heights varied from 4.97 to 5.98 micra. 

In a series of 24 rats exposed to cold over periods of time ranging from 3 
to 14 da 3 ’'S, the average cell height of the th 3 ’-roid glands was 5.95 micra, 
which is definite but limited hypertroplty of the acinar cells. 

After 18 da 3 ’’S in the ice-box a group of 7 rats was killed, and the average 
cell height of this group measured 7.95 micra. 

Thirty-seven rats killed between 1 8 and 45 days showed an average cell 
height of 8.03 micra. 

Seven rats killed after 56 days in the ice-box .showed an average cell 
height of 6.23 micra, which is approximately the level of the small amount 
of h 3 ’-pertrophy noted after 3 da 3 's in the cold environment. 

Iodine in amounts as small as 10 gamma per da 3 ’-, while rats are being 
refrigerated, is sufficient to limit h 3 'pertrophy to an amount equal to that 
noted after 3 da 3 's’ refrigeration without iodine, but it does not prevent 
it. Larger doses, up to 10,000 gamma per day for 26 da 3 ’-s, do not materi- 
ally change this cell height but prevent the secondar 3 ’’ hypertrophy resulting 
from 18 to 45 da 3 ’’ terms of exposure to this cold environment. 

Anal 3 'sis of the th 3 U’otropic hormone assa 3 ’’ curve of Starr and Rawson 
indicates primaiy and secondar 3 ’’ levels of epithelial hypertroplty, prob- 
ably indicative of colloid depletion during the three da 3 ’’ period of assa 3 ^ 
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Fluctuations in the electrical potential of the skin of the frog and other 
animals produced by stimulation of the cutaneous nerves have been de- 
scribed by several investigators (for references to the early work of Her- 
mann, Engelmann and others cf. Orbeli, 1910). Schwarz (1915) has 
related these phenomena to features of the psychogalvanic reflex. 
Motokawa (1939) has recently reported that the potential of frog skin is 
modifled by acetylcholine. This paper came to my attention while the 
present experiments were in progress. Motokawa, however, did not use 
a recording potentiometer. 

Methods. For the study of the effects of nerve stimulation a dorsal 
sldn with cutaneous nerves and spinal cord attached was tied inside out 
on a vertical glass tube (1.4 cm. in diameter) containing Ringer’s solution 
mounted in a beaker of Ringer's. One Ag-AgCl electrode made contact 
mth the negative morphological outside of the skin through the Ringer’s 
in a side arm of the vertical tube. The other Ag-AgCl electrode made 
contact with the positive morphological inside of the skin through the 
outer beaker of Ringer’s. The electrodes were connected to a Micromax 
recording potentiometer or a type K potentiometer. The spinal cord 
was gentlj'- lifted by a thread out of the solution and the nerves running 
to the morphological inside of the skin (inverted on the tube) were stimu- 
lated by Ag-AgCl electrodes udth a tetanizing current from a Harvard 
coil (1 dry cell, coil distance usually zero). For the acetylcholine experi- 
ments skins were tied on the blunt end of medicine droppers mounted on 
no. 4 rubber stoppers. The medicine dropper was fllled with Ringer’s 
and clamped vertically so that the skin was .immersed in a small beaker 
of Ringer’s solution with or without acet 3 dcholine. These simple skin 
holders permitted testing a large number of skins in the same solution 
of acetylcholine. A few skins were treated in the glass skin holder pre- 
viously described (cf. Barnes, 1939a, fig. 1) through which oxygen was 
bubbled. In all cases the Ringer’s was changed just before treatment 
with acetylcholine to prevent stimulation by fresh medium. The con- 
centration of acetylcholine (0.66 to 1.0 per cent) is recorded in table 1. 
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The solution was made up immediately before use. The pH of the solu- 
tions was taken with a glass electrode to detect any high alkalinity which 
is known to liydrol.vse acet.ylcholine even in the absence of esterase (cf. 
Barbour and Dickerson, 1939). The ox3’^gen consumption of skins treated 
with acetylcholine was measured in Fenn respirometers, 

Hesults. Single induction shocks applied to the nerves had slight 
effects on the skin potential but intermpted currents lasting from 1 to 60 
seconds produced large changes in the skin potential (see fig. lA), With 


HV. 



Fig. 1. A. The effects of stimulating nerves to the skin on skin potential of the 
frog. Ordinates: e. m. f. in millivolts (outside surface of skin is negative). Abscis- 
sae: time in fifteen-minute intervals. Micromax recorded. The five large peaks 
follow a 5, 10, 15, 20 and 25 second tetanizing current. The first small wave (marked 
x) following a single break shock. Arrows indicate end of each nerve stimulation. 
Harvard inductorum: coil distance 0; one dry cell. 

B. Effect of 0.70 per cent acetylcholine in Ringer’s. At first arrow Ringer’s was 
changed for fresh ordinary Ringer’s to eliminate effect of fresh medium. 

high potentials (above 50 mv.) the potential usually fell, but with lower 
potentials the potential frequently increased. The magnitude of the 
potential change varied from one preparation to another. It is important 
to note, however, that the results for a given skin were usually constant 
(see fig. lA). It was noted that the potential changes always outlasted 
the stimulus. In many cases the large electrical wave did not begin until 
the stimulus had ceased (see fig. lA). 

Acetylcholine in a concentration of 0.10 per cent increased the skin 
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potential when applied to the morphological outside surface (average 
increase 61.2 per cent, 6 cases) and depressed the potential when applied 
to the morphological inside surface (average decrease 13.1 per cent, 5 
cases). In a concentration of 0.66 per cent acetylcholine on the outside 
of the skin increased potential 127.7 per cent (6 cases) and on the inside 
depressed potential 62.0 per cent (5 cases). With 1 .0 per cent acetylcholine 
the average increase after outside treatment was 94.9 per cent (5 cases) 
and the average decrease after inside application was' 60.9 per cent (6 
cases). A number of typical experiments are recorded in table 1. 

TABLE 1 

Effect of acetylcholine on the potential of frog skin 
Two preparations from each frog. Numbers 1 and 2 from frog 1 ; 2 and 3 from frog 
2, etc. Frogs weighed 31.0 to 42.5 grams. All males e.xcept frogs 1 and 2. 0 = 
outside surface treated; i = inside surface treated; a = anterior region of belly; 
p = posterior region of belly. Temperature taken at every reading, 22-23° C. pH 
of solutions 7.03-7.70. 


NUM- 

BER 

DATE 

SURFACE 

TREATED 

E. M. F. 
BEFORE 

CONCEN- 

TRATION 

E, M, F, 
AFTER 

! 

TIME OP ! 
ACTION 

REMARKS 

1 

April 6 

0 . a. 

vxv, 

16.3 

per cent 

0.10 

mv, 

19.3 

minutes 

6 

18.4% rise 

2 

April 6 

i. p. 

37.0 

0.10 

30.0 

5 

18.9% fall 

3 

April 6 

0 . a. 

5.7 

0.10 

17.0 

4 

198.2% rise 

4 

April 6 

i. p. 

65.6 

0.10 

58.0 

9 

11.5% fall 

5 

April 4 

0 . a. 

2.0 

0.66 

5.8 

1 

190% rise 

6 

April 4 

0 . p. 

8.3 

0.66 

13.8 

5 

65.2% rise 

7 

April 4 

i. p. 

39.3 

0.66 

33.7 

1 

14.2% fall 

8 

April 4 

i. p. 

51.0 

0.66 

29.0 

8 

43.1% fall 

9 

April 5 

0 . a. 

11.3 

1.0 

21.0 

4 

85.8% rise 

10 

April 5 

i. p. 

23.6 

1.0 

7.0 

1 

70.3% fall 

11 

April 5 

0 . a. 

9.0 

1.0 

25.9 

11 

187.7% rise 

12 

April 5 

i. p. 

35.0 

1.0 

12.4 

8 

64.5% fgll 


Although there is no a 'priori reason that acetylcholine should affect 
the metabolism of the skin, the O 2 uptake was measured owing to the 
important though indirect linkage between oxidation and skin potential 
(for references cf. Barnes, 1939b). The skin from the ventral surface 
of a frog was divided into three parts and the pieces placed in ordinary 
Ringer’s solution in three Fenn respirometers. The O 2 uptake was meas- 
ured for a preliminary interval of about one hour. Acetylcholine Ringer’s 
was then introduced into two flasks and fresh Ringer’s into the third as 
a control. The O 2 uptake was again measured for an houi- or more. The 
concentrations of acetjdcholine used were 0.066 per cent to 1.0 per cent 
but no appreciable effect on oxygen consumption was detected. The O 2 
uptake of sldns in acetylcholine Ringer’s fell — 18.2 per cent duiing the 
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run (8 cases), while the O2 uptake of control skins in fresh ordinary Ringer’s 
fell — 24.4 per cent (4 cases). This represents a po.ssible 6.2 per cent 
increase in respiration produced bj' acetylcholine but is probably not 
significant. 

Discussion. The dela3’’ed cflfect on potential of nei-ve stimulation 
suggests chemical mediation of the nerve impulse to the skin. The stimu- 
lating action of acetylcholine on the outside surface of the skin also supports 
this hypothesis. ^ The increase in the output of electrical energy pro- 
duced bj" acetylcholine is of interest in connection vdth the problem of 
potentials arising in muscle and ganglia through the chemical mediation 
of the nervous impulse. The action of acetylcholine on skin potential, 
however, probablj' involves mechanisms cssentiallj'' distinct from sjmaptic 
and neuro-muscular transmission. The persi.stence of the electrical wave 
in skin indicates that the choline esterase is not veiy active in this tissue. 
It is suggested that the frog skin should prove a particularlj’’ useful prepa- 
ration for the studj' of the mode of action of acetylcholine on bioelectiical 
potential. It is possible that acetjdcholine mobilizes electrically active 
ions such as K or Na in the skin, for there is evidence that skin potential 
is produced by ionic diffusion (cf. Amberson, 1936; Dean, 1939; Barnes, 
1940). It is well known that acet3dcholine is associated vith potassium 
metabolism (Eccles, 1936). Moreover, Cicardo and Moglia (1940) have 
shovm that acet3dcholine liberates potassium from muscle. 

The depressing of potential by acet3dcholine on the inside surface of 
the skin is difficult to explain but is not ver3^ important for the present 
discussion, for it is known that the electrical potential is located on the 
outside surface (cf. Barnes, 1940). Moreover, the skins treated on the 
inside were reversed on the holder. It was shown (Barnes, 1939a) that 
contact between the outside surface and the glass holder raises the po- 
tential as can be seen in table 1 in which the E. M. F. of skins from the 
same frog are recorded in normal and reversed orientation. Skins marked 
“i” in table 1 wnre treated on the inside and consequentl3’' were tied inside 
out on the holder. These unusually high potentials are probabl3’’ imstable. 
The depression may be the result of the high concentration of acetylcholine 
used in the experiments. Thus 0.66 per cent produced a depression of 
77.7 per cent, while 0.10 per cent depressed onl3’' 13.1 per cent. The 
inhibiting action of acetylcholine is well known to depend on concentra- 
tion in other tissues. 

The respirometer experiments indicate that acet3dcholine is not altering 
potential through oxidative mechanisms of the skin. Fifteen minutes 
elapsed between the introduction of acet3dcholine into the flask and the 
next reading of O2 uptake. To detect any initial effect which might have 
been missed during this inteiwal, five experiments were rim ivith flasks 
having sidearms for tipping in the reagent. The average O2 uptake 
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showed an increase of 1.5 per cent over the entire runs and an average of 
14.9 per cent increase for the inteiwal 15 to 19 minutes immediately after 
tipping. (The stop cocks were closed for about 3 minutes during the 
operation of tipping the respirometer.) The slight increase in O 2 uptake 
on tipping is probably the result of adding fresh Ringer’s solution. The 
concentration of acetylcholine in these five runs was 0.20 to 0.32 per cent. 

SUMMARY 

1. Stimulation of the nerves of frog skin preparations with a tetanizing 
current produces large changes in potential of the skin which always out- 
last the stimulus. 

2. Acetylcholine produces a rise in the electrical potential of frog skin 
when applied to the outside surface. 

3. Acetylcholine has little or no effect on the oxygen consumption 
of the skin. 

This investigation was made possible b 3 ’^ a grant from the George Shef- 
field Scientific Fund. 
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It has been shown by Bachromejeu (1), D’Silva (2) and othei-s that 
intravenous administration of cpineplirine results in a brief preliminary' 
increase in semm potassium which is followed by a prolonged fall to below 
control levels. Insulin also causes a marked lowering of the semm po- 
tassium level (Briggs et al. (3), Kerr (4)); an effect which is independent 
of the presence of the adrenal medulla (5). The possibility that the 
ultimate decrease in serum potassium following epinephrine administration 
is at least in part a result of mobilization of insulin has been investigated 
by D’Silva (2). D’Silva found that pancreatectomy reduced the lowering 
effect of epinephrine on semm potassium but did not abolish it. In my 
experience in this connection, the result of pancreatectomy on the sub- 
sequent course of epinephrine is unpredictable. Apparently, mechanisms 
in addition to insuhn mobilization are involved. 

Fenn and Cobb (6) have shown that a decrease in the plasma potassium 
concentration can be accomplished by increasing the hydrogen ion con- 
centration within the cell (frog muscle). Of interest in this connection 
is the obsenmtion by Pulver (7) that if glucose be added to a suspension 
of yeast cells, the potassium concentration of the solution surrounding 
the cells is markedly lowered as fermentation proceeds. After fermenta- 
tion is essentially complete the potassium concentration slowly returns 
to the control level. Simultaneously vdth the onset of fermentation, a 
marked, irreversible drop in pH occurs. It is conceivable that potassium 
enters the cell in response to the pH gradient set up by fermentation and 
slowly returns with establishment of equilibrium conditions when fer- 
mentation is over. 

Although it is well known that epinephrine increases the lactic acid 
content of the blood (8, 9) and lowers the alkali reserve (10), data as to 
its effect on blood pH are rather incomplete. The effect of epinephrine 
on blood pH has therefore been investigated in the hope that it might 
cast some light on the serum potassium changes. 

Experimental. All serum potassium and pH measurements were 
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made on arterial blood. Whenever anesthetics were administered, a 
period of at least one hour was allowed to elapse for the stabilization of 
serum potassium and blood pH prior to the epinephrine infusion. Control 
pH measurements were made at 10 to 15 minute intervals prior to the 
epinephrine or insulin administration until readings that were constant 
or varied by no more than 0.01 pH were obtained. 

The effect of subcutaneously administered epinephrine (0.5 mgm, per 
kgm. of body weight) was investigated on unanesthetized dogs. The 
effect of intravenously infused epinephrine (0.005 mgm. per kgm. of body 
weight per minute) was investigated on a, cats anesthetized with Dial;^ 
h, eviscerated, hepatectomized cats under Dial anesthesia, and c, cats 
anesthetized with Dial and receiving constant artificial ventilation. For 
the cats in part c blood pH was determined prior to the apphcation of 
artificial ventilation and subsequently the artificial ventilation was ad- 
justed to give control blood pH readings just slightly above (Avithin 0.03 
pH) that maintained by the cat’s own respiration. The effect of sub- 

TABLE 1 


Effect of epinephrme (O.B mgm. per kgm. body weight, subcutaneously) on blood pH and 
serum potassium of unanesthetized dogs 



BLOOD pH AND BEKTXM K CHANGE AT VARTINO 
INTERVALS AFTER EPINEPHRINE EXPRESSED 

AS AVERAGES OF RESULTS ON 3 DOGS 


15 minutes 

30 minutes 

60 minutes 

120 minutes 

pH 

-0.01 

-0.02 

-0.07 

-0.12 

Serum K in millimols per liter 

-0.43 

-0.69 

-1.12 

-1.28 



cutaneously administered insulin (0.5 unit per kgm. of body weight) was 
investigated on unanesthetized dogs. 

All pH measurements were made with the glass electrode. Potassium 
determinations were made on semm by the method of Kramer and 
TisdaU (11). 

Results and discussion. The effect of subcutaneously administered 
epinephrine on blood pH and serum potassium of unauesthetized dogs is 
shown in table 1. A simultaneous lowering of both serum potassium and 
blood pH occurred. However, no strict proportionality between the two 
is evident. 

Because of possible variations in the rate of absorption of subcutaneously 
injected epinephrine and the desirability of having more e.xact information 
on the immediate effects of epinephrine, a series of experiments was per- 
formed on anesthetized cats into which epinephrine was infused intra- 
venously at a constant rate for 30 minutes. The results of these experi- 

“ * Supplied through the courtesy of Ciba Pharmaceutical Products, Inc. 
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ments are shown in table 2, Two t3T3es of pH changes were obseiwed; and, 
for this reason, the animals have been divided into two groups. In 5 of 
the 8 cats used, blood pH fell promptly reaching a new level in approxi- 
mately 20 minutes, followed by a return to near control levels within 30 
minutes after cessation of the infusion. The other 3 cats showed a pre- 
liminary rise in pH followed by the fall to below control levels. 

The scrum potassium changes showed no significant variations between 
the two groups and have therefore been included as representative of the 
8 cais. The initial increase due to release of potassium from the liver is 
present. Whether the initial rise in pH occasionally obsen’^ed bears anj’’ 
relation to the mechanism by which epinephrine effects a release of po- 
tassium from the liver is not known and the present technic is not suitable 
for further inquiry along this line, Followang the initial rise in serum 
potassium the fall to below control levels occuiTed, An additional, and 

TABLE 2 


Effect of epinephrine {0.005 mgm. per hgm. per minute, intravenously) on blood pH and 

scrum potassium of anesthetized cats 



13LOOD pH AND BZRXm K CHAKOE AT VABTINO 
iNTEnvAts DtnttNO EPiNErnnna: ho-csion 
EXPIIES3EO AS ATEHAGES 

BLOOD pH A^■^> SEBUM K 

chai^qe at intebvals fol- 

LOWING CESSATION OF 
EPINEraniNB INFUSION EX- 
FRESSED AS AVERAGES 


2 

minutca 

7 

minutes 

12 

minutes 

20 

minutes 

30 

minutes 

10 

minutes 

20 

minutca 

30 

minutes 

pH, 5 animals 

-0.03 

-0.09 

-0.12 

-0.13 

-0.13 

-0.07 

-0.04 

-0.02 

pH, 3 animals 

Serum K in millimols 

+0.04 

+0.01 

-0.06 

-0.08 

-0.09 

-0.06 

-0.03 

-0.01 

per liter 

+4.60 

+1.53 

+0.01 

-1.02 

-1.03 

-3.07 

-1.79 

-1.41 


to the author’s knowledge a hitherto unrecorded, feature occurred on 
cessation of the epinephrine infusion. Instead of the serum potassium 
immediately beginning to return to control levels, there resulted a sharp 
secondaiy decrease followed by the process of gradual recoveiy. . 

As stated above, an initial effect of epinephrine is to bring about a release 
of potassium from the liver. Apparently, at the end of the epinephrine 
infusion the liver rapidly recovers its potassium stores at the expense of 
the extracellular fluids. To test this, the effect of epinephrine on the 
serum potassium of eviscerated, hepatectomized cats was investigated. 
Results of experiments on 3 cats are presented in table 3. 

In the absence of the liver, the initial rise in serum potassium does not 
occur. The fall in serum potassium begins immediately; and, on cessation 
of epinephrine administration, the return of serum potassium toward con- 
trol levels is not interiupted by a secondaiy fall. The rapidity with 
which the liver, deprived of some of its potassium, picks up potassium from ^ 
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the extracellular fluids is an additional factor in the ultimate fall in serum 
potassium under the influence of epinephrine. Incidentally, this also maj’- 
explain why Heppel (12) found no significant decrease in liver potassium 
in his potassium deprived rats. 

It will be noted in table 3 that during epinephrine infusion blood pH 
fell promptly to a lower level but differed from the experiments on the 
intact cat in that on cessation of the infusion recoveiy was much more 
prompt. For some unknown reason these animals showed a marked 

TABLE 3 


Effect of epinephrine (0.005 mgm. per kgm. body iveight per minute intravenously) on 
blood pH and serum potassium of anesthetized, eviscerated, hepateciomized cats 



BLOOD pH AND SERUM K CHANGE AT 
VARYING INTERVALS DURING EPINEPHRINE 
INFUSION EXPRESSED AS AVERAGES 

BLOOD pH AND SERUM K 
CHANGE AT INTERVALS FOL- 
LOWING CESSATION OF EPI- 
iNEPHRINB INFUSION EXPRESSED 

1 AS AVERAGES 

2 

minutes 

7 

minutes 

12 

minutes 

20 

minutes 

10 

minutes 

20 

minutes 

30 

minutes 

pH 

-0.04 

-0.07 

-0.09 

-0.09 

4-0.04 



Serum K in millimols 








per liter 

-0.13 

-0.26 

-1.12 

-1.28 

-0.85 

-0.54 

-0.33 


TABLE 4 

Effect of epinephrine (0.005 mgm. per kgm. per minute, intravenously) on blood pH of 
anesthetized cats receiving constant artificial ventilation 

BLOOD pH CHANGE AT VARY- 
ING INTERVALS FOLLOWING 
CESSATION OF EPINEPHRINE 
INFUSION EXPRESSED AS 
AVERAGES 



2 ! 

7 

1 12 , 

1 20 1 




30 



minutes 




minutes 

minutes 

minutes 

pH, 3 animals 

pH, 1 animal 

-0.03 

-t-0.02 


-0.14 

-0.05 



-0.10 
i 0.00 

-o.oei 

-0.03 


BLOOD pH CHANGE AT VARYING INTERVALS 
DURING EPINEPHRINE INFUSION EXPRESSED 
AS AVERAGES 


acceleration, in respiratory rate on cessation of the epinephrine infusion, 
whereas the intact cats did not. 

To determine if variations in respiration might have a role in the ob- 
served blood pH changes follo'sving epinephrine, 4 cats were given constant 
artificial ventilation throughout the experiment. The results are recorded 
in table 4. , In 3 of these animals blood pH fell promptly and markedly 
during the epinephrine infusion, while in one a slight rise in pH was followed 
by only a slight fall. The degree and character of the pH changes in 
these experiments compare favorably vdth those observed in intact, anes- 
thetized cats (table 2). Apparently change in pulmonaiy ventilation is 
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not a causative factor in the blood pH changes during epinephrine infusion 
into intact, anesthetized cats and the pH changes probably have their 
origin within the cell. Recent experiments by Griffith, Emery and Lock- 
wood (13) lend further support to this assumption. These workers found 
that epinephrine, in doses equivalent to those employed here, causes a 
small but definite increase in pulmonary ventilation. This effect would be 
opposed to the blood pH decrease obser\'ed here. 

Artificial ventilation experiments with eviscerated, hcpatcctomized 
cats were not successful. Apparently this was due to lack of reservm blood 
supplies in these animals. While it is possible to equilibrate fairly well 
their blood pH under artificial ventilation, withdrawal of quantities of 
blood for analysis in the absence of reserve supplies in itself alteis the 
pH balance in a manner that cannot be compensated for in this type 
of experiment. 

Although insulin has been previously reported as having no demon- 
strable effect on blood pH, in view of its pronounced effect on serum 

TABLE 5 

Effect of insttlin {0.5 unit per kgm., suculancoushj) on blood pH and senna potassium of 

unancslhclized dogs 

BLOOD pH AND SEntJi! K CHANCE AT VARTINO INTEKVA1.S 

ArrEn instoin expressed as averages or resclts on 



3 DOQ3 


30 minutes 

CO minutes 

i20 minutes 

pH 

+0.02 

+0.02 

0.00 

Serum K in millimols per liter 

-0.38 

-0.67 

-1.28 


potassium, it was felt that this experiment might bear repetition. Results 
on 3 dogs are recorded in table 5. Serum potassium decreased markedly 
but no significant changes occurred in blood pH. The mechanism by 
which insulin exerts its effect on senim potassium is not well knovTi. How- 
ever, the simultaneous decrease that occurs in seinm phosphate may have 
some bearing in this connection. 

SUMMARY 

The action of epinephrine in effecting a decrease in serum potassium 
cannot be completely explained as being a result of secondary mobilization 
of insulin. It has been shown here that epinephrine causes a marked 
lowering in blood pH, an effect which very probably has its origin in an 
increase in the hydrogen ion concentration within the cell. By analogy 
to Fenn and Cobb’s findings (6) that increases in the hydrogen ion con- 
centration within the cell lead to a low-ering of the potassium concentration 
in the extracellular fluids, it is suggested that this may explain in part 
the decreases in serum potassium observed following epinephrine. 
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An additional factor in the ultimate fall in serum potassium is the 
rapidity with which the liver replenishes its stores of potassium at the 
expense of the extracellular fluids following cessation of epinephrine ad- 
ministration. 
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Bilateral constriction of the renal arteries leads to a persistent hyper- 
tension in dogs (1) which in many respects resembles essential hyper- 
tension in man. The similarities include a normal cardiac output, blood 
volume, blood viscosity, and hematologic picture; normal blood chemistr 3 ^ 
and renal function tests except in the malignant phase; a failure to re- 
spond significant!}' to various operative procedures on the sympathetic 
nervous system; a reduced renal blood flow; an increased peripheral 
resistance; arteriolosclerosis in various organs; and an increased renin 
content of the Iddneys (2, 3). We, therefore, studied a group of active 
principles and organ and plant extracts which have been reported to be 
of value in the treatment of essential hypertension to determine their 
effect on the blood pressures of renal hypertensive dogs. These included 
estrone, testosterone, and extracts of liver, pancreas, and garlic and 
parsley. Obviously, if the results with these substances resembled those 
obtained in essential h}’pertension, the findings would constitute further 
evidence for a parallelism between experimental renal hypertension and 
essential hypertension. On the other hand, a difference would be evi- 
dence against a similarity of the two conditions. 

The pathogenesis of experimental renal ischemic hypertension still 
remains unsolved. Inconclusive evidence points to the release of a hu- 
moral agent from the ischemic kidney (2) but whether it acts directly or 
otherwise on the vessels to increase the peripheral resistance is not known. 
Consequently we studied the effect on the blood pressures of renal hyper- 
tensive dogs of a group of extracts prepared from organs definitely or 
possibly involved in the pathogenesis of experimental renal hypertension. 
The preparations included in this second group were renin, whole kidney, 
adrenal cortical extract, whole pituitary extract, and pituitrin. 

During the course of the work an opportunity was afforded for observ- 
ing the effect of distemper and of extensive cellulitis on the blood pressures 
of renal hypertensive dogs. 

^ This work was aided by a grant from the Graduate School Research Fund of the 
University of Rlinois. 


568 



EFFECT OF VARIOUS AGENTS IN RENAL HYPERTENSION 


569 


Method. Dogs weighing 9 to 12 kgm. were subjected to bilateral 
constriction of the renal arteries bj’’ the Goldblatt technique (1, 2) and the 
resulting hj'^pertension was permitted to stabilize over a period of three or 
four months. In some cases further constriction of the arteries proved 
necessaiy in order to sustain the h 3 ^pertension (2). Mean blood pressure 
readings bj’- the method of Dameshek and Loman (4) were obtained from 
the femoral arteiy three times per week. Blood urea determinations and 
urinalj^ses were made when indicated. The studj" of each preparation 
involved a preliminary control period of one or two months during which 
the blood pressure of the animal was determined to be relatively constant. 
This was followed bj'' an experimental period during which the preparation 
was administered daily in most cases for one month. vSubsequentlj" 
there was another control period of one or two months. Some of the ani- 
mals were later used for the study of other active principles or extracts. 
Parallel observations were made on normal dogs with several of the sub- 
stances. 

Results. Group 1. a. Estrone. Daily intramuscular injections of 
0.1 mgm. (1000 i.u.) per Idlo of estrone- into one hj'pertensive dog for 
one month had no significant effect on the blood pressure of the animal. 

b. Testosterone. Daily intramuscular injections of 2.5 mgm. per kilo 
of testosterone^ into one h^’^pertensive dog for one month did not appre- 
ciabty influence the pressure levels. 

c. Liver extract. A peptone-containing aqueous extract of liver^ said 
to contain none of the knovni depressor substances was tested in two 
hypertensive dogs. One of the dogs was given 2 cc. of the extract intrave- 
nously twice daily and intramuscularly once per daj’’ for one month. The 
other animal was subjected to the same regimen with twice the foregoing 
dosage. There was no significant change in the blood pressures of either 
dog as a result of the liver extract injections. 

d. Pancreatic extract. A preparation containing desiccated pancreas 
and th 3 ’'roid® in a ratio of 25 : 1 was administered orall}’’ to one hj’^pertensive 
dog in a dosage of 0.3 gram daily for one month. The pressure levels of 
the animal ivere unaltered. 

e. Garlic and parsle 3 L A preparation of desiccated garlic 'and parsle 3 '' 
was administered oralL’- to one h 3 q)ertensive dog in a dosage of approxi- 
matel 3 ’' 2 grams daily for two months without an 3 ’^ significant change in 
the blood pressure. 

- Theelin, supplied by Parke, Davis and Compan}', Detroit, Michigan (Dr. Oliver 
Kamm). 

® Perandren, supplied bj* Ciba Pharmaceutical Products, Summit, N. J. (Dr. R. 
MacBraj'er). 

■* Supplied by The Armour Laboratories, Chicago, Illinois (Dr. E. F. Pike). 

^ Panlittol, supplied bv The Armour Laboratories, Chicago, Illinois (Dr. E. F. 
Pike). 
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Tlie results with this first group of hormones and extracts are sum- 
marized in table 1. 

Group 2. a. Renin. One hypertensive and one normal dog ■\vere given 
daily intramuscular injections of dog renin (equivalent in acute pressor 
effect intravenously to approximately 4 units of pituitrin) for two and 
one-half months. A similar pair of dogs received daily intravenous in- 
jections of dog renin for one month in twice the foregoing dosage. The 
two hypertensive dogs .showed average increases of 10 and 15 mm. of Hg 

TABLE 1 


The effect of various agents on the blood pressure of renal hypersensitive 

and normal dogs 


h 



1 

i 

PERIOD 

or 

TREAT- i 
MEirr 


BLOOD PHESStmES* 


wg 

S B 
K S 
u p 

y, ^ 

H 

ACTIVE pniN- 
CIPLE OR 
EXTRACT 

DAILY DOSAGE 

ROUTE or 
ADMIMB- 
TRATtON 

Before 
constric- 
tion of 
renal 
arteries 

Before 

treatment 

During 

treatment 

After 

treatment 

1 

Estrone 

0.1 mgm./kgm. 

i.m. 

1 mo. 

138-172/152 

lEO-202/160 

105-198/181 

160-204/184 


Testosterone 

2.5 mgm./kgm. 

i.m. 

1 mo. 

13S-172/152 

170-190/182 

170-192/187 

16S-20S/1SS 


Liver extract 

0 cc. 


1 mo. 

140-152/140 

149-170/166 

157-100/172 

152-192/164 


Liver extract 

12 cc. 

i.v.,i.m. 

1 mo. 

132-130/134 

158-180/170 

162-1SS/172 

170-188/178 

5 

Pancreatic 

extract 

0.3 gram 

Per 03 

1 mo. 

140-165/148 

168-100/174 

168-194/182 

170-190/180 

C 

GarUc and 
parsley 

2.0 grams 

Per 03 

2 mo. 

140-I65/I4S 

155-182/170 

160-177/172 

160-186/168 

7 

Renin 

0.6 gram/kgm. 

G.C. 

2} mo. 

121-100/142 

lOS-216/100 

186-218/208 

190-207/197 

8 

Renin 

1.0 gram/}:gm. 

i.v. 

1 mo. 

111-140/127 

160-184/172 

180-195/188 

153-186/173 

9 

Whole kidney 

250 grams 

Per 03 

1 mo. 

13S-172/152 

172-204/192 

172-212/196 

180-206/198 

10 

VTiolo kidney 

250 grams 

Per 03 

1 mo. 

112-118/115 

100-182/172 

164-182/176 

162-104/180 

11 

Adrenal corti- 
cal extract 

0.1 cc./kgm. 

; 8.C. 

1 mo. 

111-140/127 

154-175/168 

156-182/166 

160-184/172 

12 

Whole pitui- 
tary extract 

1.5 grams/kgm. 

i i.m. 

1 mo. 

|121-1C0/142 

192-2I0/1D9 

i 

192-202/200 

170-208/195 

13 

Pituitrin 

1 cc./kgm. 


2 wk. 

121-100/142 

|170-215/195 

182-196/190 

190-200/195 

14 

Pituitrin 

1 cc./kgm. 


2 wk. 

140-165/148 

160-166/108 

165-180/172 

164-190/176 

I5t 

Renin 

0.5 gram/kgm. 

8.C. 

2} mo. 

i 

1 

1 

112-130/122 

122-150/134 

122-127/125 

16t 

Renin 

1.0 gram/kgm. 

i.v. 

1 mo. 


134-148/143 

145-172/154 

140-150/145 

17t 

Adrenal corti- 
cal extract 

0.1 cc.Agm. 

s.c. 

1 mo. 


126-148/140 

132-148/141 

134-148/143 


* Numerator figures denote extremes; denominator denotes average for period, 
t Nonhypertensive dogs. 


respectively in their blood pressures during the periods of injection. How- 
ever, following the cessation of the injections the blood pressures fell to 
their preinjection hypertensive levels. Each of the normal dogs likewise 
showed a temporaiy average increase of approximately 10 mm. of Hg 
during the renin injection period. 

b. Whole kidne}'-. Two hjqiertensive dogs were given 250 grams of 
fi’esh hog kidney daily by mouth for one month vdthout anj'- significant 
effect on blood pressure. 
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c. Adrenal cortical extract. An active adrenal cortical extract® was 
administered subcutaneously daily for one month to one hypertensive and 
one normal dog in a dosage of 0.1 cc. (7.5 Swingle dog units) per kilo. 
There was no change in the blood pressures. 

d. "V^Tiole pituitary extract. An aqueous extract of whole pituitary'^ 
was given daily intramuscularly for one month in a dosage of 1.5 grams 
of fresh gland equivalent per kilo to one hypertensive dog without any 
significant change in blood pressure. 

e. Pituitrin. A standard solution of posterior pituitar}'^^ in a daily 
dosage of 10 U.S.P. units per kilo intramuscularly to three hypertensive 
dogs for two weeks did not significantly alter the blood pressures of the 
animals. 

The results for this second group of extracts are summarized in tablet. 

Infections. As previously reported (5) the appearance of distemper in 
four hypertensive dogs produced a prompt drop in the blood pressures to 
normal or subnormal levels. When recovery occurred, the hypertension 
retuimed. On the other hand an extensive mixed streptococcus and 
staphylococcus cellulitis in four hypertensive dogs did not lower their 
blood pressures. 

Discussion. Estrogens and testosterone have both been reported to 
be of value in reducing the blood pressure in essential hypertension (6,7). 
However, the best clinical evidence indicates that these hormones have no 
significant effect on the blood pressure in essential hypertension (8, 9) 
except in patients with complicating climacteric symptoms (10). From 
the above results, it is apparent that estrone and testosterone in dosages 
7 to 10 times those employed in the treatment of essential hypertension 
had no significant effect on the blood pressure of experimental renal hy- 
pertension in dogs. The results with these two hormones in this form of 
experimental hypertension therefore agree substantially with those ob- 
tained by carefully controlled observations in essential hypertension. 

As already stated, therapeutic claims for an antihypertensive effect 
in essential hypertension have been made for extracts of liver (11), 
pancreas (12), and garlic and parsley (13). However, properly controlled 
evidence has shown that these and similar agents have no significant effect 
on the blood pressure of this condition other than that obtained with a 
properly administered placebo (3, 9). There was likemse no significant 
effect from these extracts on the blood pressures of our renal hypertensive 
dogs even though on a weight basis the dosages administered were 7 to 10 
times those recommended for the human. The negative results .with 
these extracts and the two sex hormones therefore offer a further paral- 

® Supplied by the Wilson Laboratories, Inc., Chicago, Illinois (Dr. David Klein). 

’’ Supplied by The Armour Laboratories, Chicago, Illinois (Dr. E. F. Pike). 
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lelism between experimental renal ischlemic hypertension and essential 
lij^pertension. 

There is suggestive indirect evidence that renin is the effective pressor 
agent released from the ischemic kidney in experimental renal hyperten- 
sion and essential hypertension (2). The slight but significant temporary 
increase in blood pressure produced b}^ repeated injectioifs of dog renin 
as reported above constitutes further indirect evidence for a pathogenetic 
r61e for renin in experimental renal hypertension. 

The known neutralizing effect of noimal kidnej' on the pressor action 
of ischemic kidnej' in the intact animal (2) prompted our obseiA'ation on 
the oral administration of fresh hog kidnejL The negative results oli- 
tained niaj'^ be due to inadequate dosage, ineffectiveness b}" mouth, or 
other factors. Veiy recently the successful extraction of an antih 5 q)er- 
tensive substance from normal kidney has been reported (14, 15). 

The role of the adrenal cortex in experimental renal hjqpertension is still 
unsettled. Certain investigators have reported that the h 3 qiertension is 
maintained in complete^" adrenalectomized animals onlj’- if minimal 
amounts of the cortical hormone are supplied (2). Another group, how- 
ever, found that hypertension can be produced and maintained in adrenal- 
ectomized dogs without supportive treatment during the sunnval period 
(16). The failure in our hands of a potent adrenal cortical extract to 
influence the blood pressure in experimental renal hj'pertension speaks 
against anj'^ direct effect of the adrenal cortex in the pathogenesis of the 
condition. 

The results reported for hj^pophj’^sectom}'^ in experimental renal hyper- 
tension (17) indicate that the pituitary’’ is not directlj*^ involved in the path- 
ogenesis of the condition. Our failure to influence the blood pressure of 
renal hypertensive dogs with large doses of whole pituitaiy extract and of 
pituitrin is in keeping with this conclusion and contrasts with the pressor 
effect obseiwed vith dog renin. 

The above findings, therefore, point to a possible role for renin in the 
pathogenesis of experimental renal hypertension in the dog and argue 
against such a role for the adrenal cortex and the pituitary''. For essen- 
tial hjqiertension the available e^ddence leads to similar conclusions (3). 

CONCLUSIONS 

1. Estrone, testosterone, and extracts of liver, pancreas, and garlic 
and parsley had no significant effect on the blood pressures of renal 
ischemic hypertensive dogs. 

2. Dog renin temporaril.v increased the blood pressures of renal h 3 q)er- 
tensive and normal dogs slightlj’’ but significantljL 

3. Fresh hog kidnej', adrenal cortical extract, whole pituitary extract, 
and pituitrin were without effect on the blood pressure in experimental 
renal hypertension in dogs. 
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4. Distemper lowered the blood pressures of renal hj^iertensive dogs 
but extensive cellulitis w^as without effect. 

5. The grovdng evidence of similarit}'' between experimental renal 
ischemic hypertension in the dog and essential hj’pertension in man is 
further substantiated. 
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The use of sodium citrate as an anticoagulant in blood transfusion led 
immediately to the study of its effect on the recipient. Weil (1) in 1915 
records a 50 per cent reduction in the coagulation time in hemorrhagic 
conditions following administration of 5 grams of sodium citrate. Neu- 
hof and Hirslifeld (2) attributed the effect of sodium citrate to platelet 
destruction. In 1934-35, De Souza and Hocking (3) studied the action 
of sodium citrate in producing a luTDercoagulability of blood. The}’’ state 
that the intramuscular injection of sodium citrate rapidly makes the blood 
more coagulable, and increases the alkali reserve. 

Noda (4) reported the action of gallic acid in decreasing coagulation 
time. A further report in 1939 by Noda (5) extends his original work to 
include dicarbox}dic acids, aromatic acids of various t}TDes, and simple 
fatty acids. He states that the carboxyl is the essential group, and that 
its effect is increased by the presence of a hydrox}d group. 

Steinberg and Brown (6) have further extended this work. They re- 
port the efficacy of malonic, maleic, fumaric, d , 1-tartaric, glycolhc, 
phthalic, mandelic, citric, sebacic, glutaric, adipic, pyruvic, azelaic, suc- 
cinic acids, and ethyl and methyl oxalate. 

Milhken (7) reports on the use of coagulant preiDaration containing 
dicarboxyUc acid in transurethral prostatic resection. Davies (8) used 
intravenously administered oxalic acid in the control of hemorrhage in 
veterinary surgery. 

Sterner and Medes (9) found that the in vitro addition of cysteine, 
taurine and taurochoUc acid to whole blood delayed coagulation. The 
action of cysteine in inhibiting coagulation is on prothrombin, preventing 
its activation to thrombin. Putnam and Hoefer (10) also state that 
cysteine acts as anti-prothrombin. 

Dicarhoxylic acids in vitamin K deficiency. One of the first questions 
brought to mind by the foregoing observations is the possible effect of 
dicarboxylic acids in controlling the hemorrhages resulting from vitamin 
K deficiency. In investigating this possibility, we have employed chicks 
and used the technique of Ansbacher (11), using the ether-extracted fish 
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meal diet. The changes in clotting times were determined by puncture 
of a %\ung vein with a fine needle; the blood was allowed to flow into a 
micro-test tube and its clotting time determined. The acids in physi- 
ological saline were given intravenouslj’’, intraperitonealty, hypodermicalty 
and intramuscularljL The clotting times were re-determined in six 
hours. Table 1 summarizes the results. 

TABLE 1 


Anti-hemorrhagic effect of malonic acid in vitamin K deficiency 
(Clotting times listed as average value for the group) 


CHICKS 

DOSE 

ADMINISTHATION ROUTE 

1 

CLOTTING 
TIME BEFORE 

CLOTTING 
TIME 6 HOURS 

6 

, mgm, 

0.25 

Intravenous 

>8 hrs. 

18 min. 

6 

0.50 

Intravenous 

>8 hrs. 

20 min. 

12 

0.25 

Intramuscular 

>2 hrs. 

20 min. 

6 

0.50 

Intramuscular 

>2 hrs. 

11 min. 

3 

0.12 

Intraperitoneal 

>1 hr. 

14 min. 

6 

0.25 

Intraperitoneal 

>2 hrs. 

12 min. 

6 

0.50 

Intraperitoneal 

>2 hrs. 

11 min. 

3 

0.25 

Hypodermic 

>1 lir. 

25 min. 

6 

0.5 cc. saline 

Intravenous 

>2 hrs. 

>2 hrs. 

3 

0.5 cc. saline at pH 4 

Intravenous 

22 min. 

>1 hr. 

3 

0.5 cc. saline at pH 4 

Intramuscular 

>2 hrs. 

>2 hrs. 

3 

0.5 cc, saline at pH 4 

Intraperitoneal 

>2 hrs. 

>2 hrs. 


It would seem that the coagulation time of vitamin K deficient birds is 
reduced to nearly noi-mal values hy dicarboxylic acid therapy. As the 
maximum effect of dicarboxyhc acids in the normal animal occurs from 
^ to 1 hour after the injection, a redetermination of clotting times was 
made at varying intervals in an attempt to ascertain the time of maxi- 
mum effect. Our results in a series of 24 chicks over time interA'^als from 
30 minutes to 7 hours showed no consistenc 3 L The maximum effect might 
be reached in 30 minutes or in 7 hours. 

Prothrombin times were determined by the method of Almquist and 
Klose (12). As it is necessaiy to sacrifice the chick in order to determine 
these values, we used two seiies. One series of untreated vitamin K 
deficient chicks showed prothrombin times which average 31 minutes 
for the group of 14. Prothrombin times were taken on the vitamin K 
deficient treated chicks six hours after the administration of 1 mgm. of 
malonic acid. The average value for the prothrombin times on tliis series 
of 9 chicks was 9 minutes. Normal chick prothrombin time was deter- 
mined to be 3 minutes. These values demonstrate a pseudo increase in 
prothrombin levels. 
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In a smaller series of chicks, oxalic acid was tested for anti-hemorrhagic 
action in vitamin K deficiency with essentially the same results. 

Studies of effect of dicarhoxylic adds on coagulation of blood in normal 
animals. In the course of our investigations on the effect of various 
substances on coagulation time, we have used rabbits as experimental 
animals. A sample of blood was taken by cardiac puncture and imme- 
diately thereafter the substance to be tested was injected into an ear 


TABLE 2 

Effect of dicarhoxylic acids on coagulation lime of blood in normal animals 


ACID 

DOSAGE 

COAGULATION TIME 
nUDUCED TO 

COAGULATION 

TIME 

rnOLONOED 

Oxalic 

mgm. jut hgm. 

0.5-30 

per ecnl 

10-50 

per cent 

Oxalic 

100 

100-300 

Malonic 

3 

20-60 

Succinic 

3 

25-60 


Glutaric 

3 

30-70 


Fumaric 

3 

Ho effect 


Maleic 

3 

No effect 


Ascorbic 

>10 

75-85 


Gluconic 

10 

No effect 


Mucic 

10 

No effect 


Sodium acetate 

<10 

No effect 


Sodium propionate 

<10 

No effect 


Aspartic 

0.6 


100-300 

Glutamic 

0.5 


25-50 

Cysteine 

1.0 


90-150 

Gallic 

<5 

No effect 


Salicylic 

<5 

No effect 


Benzoic 

<5 

No effect 


Phthalic 

5 

80-90 


Malic 

>100 

50-90 


Citric 

>100 

50-90 


Tartaric 

>100 

50-90 


Sulfuric 

0.5 cc. of 0.03 N 


50-200 

Hydrochloric 

0.5 cc. of 0.03 N 


50-200 





vein. After a half-hour interval, a second cardiac puncture was made 
and the coagulation time redetermined. Coagulation times were deter- 
mined by collecting blood in a small test tube and deteimming the period 
elapsing from the moment the blood is shed to the time of congealing, as 
indicated by the inversion of the tube. 

In our study of the mechanism of the action of dicarhoxylic acids, it 
was necessary to observe the effect of a variety of acids on clotting time. 
The results of these observations are summarized in table 2. 
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The members of the oxahc acid series have a definite and powerful 
action in decreasing coagulation times. The activity decreases as the 
number of carbon atoms increases. This obser^’-ation is entirely in con- 
formity with that of Noda (5). Malonic acid, because of its gi'eater 
solubihty and lesser toxicity, seems the member of this group to be pre- 
ferred in therapeutics. Oxalic, malonic, succinic and glutaric acids were 
tested as representative of this group. Rabbits of 5 lb. weight are used, 
and in these animals dosages of 1 mgm. of oxalic or malonic acid are 
effective in reducing the coagulation times to 10 per cent of their original 
values. Values of from 30 to 300 mgm. per kilogram are given as the 
fatal dose of oxalic acid, and as the therapeutic dose in reducing coagula- 
tion times is less than 1 mgm. per kilogram, it seems to be a safe com- 
pound to use. Toxic doses of oxalic acid (100 mgm. per kilo) produce the 
manifestation of a low calcium tetany and a marked prolongation in clot- 
ting time. We noted increases of 100 to 300 per cent in clotting times on 
blood taken when the animals were in a tetanic seizure. The exact con- 
centration producing a transition from decreased to increased coagulation 
times is between 40 and 60 mgm. 

Results with sodium fluoride. If the oxalate mechanism is primarily 
one involving calcium and its relationship to clotting, it would seem that 
the alkali salts of fluorine should have a similar action because the forma- 
tion of the insoluble calcium fluoride should interfere with the clotting of 
blood in the same manner as does the foimation of the insoluble calcium 
oxalate. Using the standard 5 lb. rabbits, we gave 0.1 mgm. to 5 mgm. 
intravenously with no effect on coagulation times. Doses of 10 to 60 
mgm. decreased the coagulation time to as low as 30 per cent of the orig- 
inal value. Dosages of 200 mgm. and higher prolong the clotting times. 
A 200 mgm. dose is a toxic dose, and blood samples taken during the low 
calcium tetanic seizures show greatly prolonged clotting times, at times 
in excess of one hour. The entire picture is similar to that of the oxalate 
mechanism. 

Results of in vitro experimentation. The expeiiments with fluoride and 
toxic doses of oxalate lead us to assume a calcium mechanism. In vitro 
experiments show exactly the same results as in vivo experiments. The 
addition of 0.2 cc. of 0.001 molar sodium oxalate to 1.8 cc. of blood re- 
duces coagulation times by 5 to 60 per cent; while 0.2 cc. of 0.1 molar so- 
dium oxalate prevents blood from clotting. The addition of 0.2 cc. of 
a saturated CaCU solution to 1.8 cc. of blood prevents clotting or pro- 
longs it to in excess of 30 minutes. The addition of traces of calcium 
ion to blood slightly hastens clotting. 

Action of dicarhoxylic adds on heparinized blood. If it is true that 
dicarboxylie acids act on the first phase of coagulation, it follows that di- 
carboxylic acids should have no effect on coagulation time in heparinized 
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animals. Heparin is known to have an anti-thrombase action which in- 
hibits the second phase of blood coagulation. Rabbits weighing 2.5 kgm. 
were given 5 mgm. of heparin intravenously after their normal clotting 
times had been determined. The clotting time was redetermined five 
minutes after the heparin was injected. Simultaneou.slj'-, oxalic acid (10 
mgm.) was injected intravenously, and 15 minutes later the clotting time 
was redetermined. The results are .summarized in table 3. 

It is apparent that the dicarbox 3 dic acids had no significant effect on 
the clotting time of heparinized blood. This fact points to the first phase 
of coagulation as the one affected by dicarboxjdic acids. 

Discussion. All of these facts taken in conjunction point to the 
existence of a calcium prothrombin or similar calcium combination. With 


TAllLE 3 

7'he effect of oxalic acid on Ihc coagulation lime of heparinized animals 


iiAnnir, S.Skom. j 

CLOTTINOTIMK 
MKFOnE nEPATllN 

1 

CLOTTING TIME 5 
MIN. AFTEU INJEC- 
TION or 5 MOM. 
nrpAniN 

CLOTTINO TIME 15 I 
MIN. AFTER INJEC- 
TION OP 10 MO.M. 
OXALIC 

PER CENT CHANGE IN 
CLOTTINO TIME EF- 
rrCTED BT THE AD- 
MINISTRATION OF 
OXALIC ACID 

1 


60' 

25' 

per cent 

41.5 

2 


85' 

35' 

41.1 

3 


40' 

20' 

50.0 

4 


26' 

11' 

42.0 


Heparinized but not treated with oxalic acid 

• 

5 

4' 5" 

85' 

37' 

43.5 

6 

3' 21" ' 

67' 

28' 

41.8 


this one assimiption, based on the established e.xistence of calcium pro- 
teinate combinations, the entire picture becomes harmonious. 

The addition of small amounts of oxalate to blood in vitro and the 
intravenous administration of oxalate reduce coagulation time, due to 
the withdrawal by the oxalate of calcium ion from the blood. Then a 
simple application of apparent solubility product and mass action law 
shows that the calcium prothrombin union is broken up, freeing the 
prothrombin for its subsequent conversion to thrombin. This prothrom- 
bin-to-thrombin reaction is catalyzed or facilitated by the presence of 
calcium ions, and if enough oxalate is added to remove the calcium ion, 
greatly delaj’^ed clotting or no clotting is the result. The dissociation 
constant and apparent solubility product of the calcium prothrombin 
combination are smaller and larger respectively than the corresponding 
values for the calcium oxalate compound, which means that complete 
dissociation of the calcium prothrombin combination would occur before 
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the oxalate removed the calcium ion from the blood sample. Thus, the 
addition of small amounts of oxalate increases the amount of prothrombin 
free and available for conversion to thrombin; but it does not remove the 
calcium ions, and hence clotting is hastened. Conversely, the addition 
of excess calcium by mass action effect forces all of the prothrombin 
into combination and leaves none in a free condition for conversion to 
thrombin. Hence, inhibition of the clotting of blood. 

The following chart . illustrates in diagrammatic form the reactions 
involved : 

Outline of Reactions Involved in the Oxalate Mechanism 

Calcium Prothrombin ^ Ca"*^ + Prothrombin + Oxalate" ^ Calcium Oxalate 

..Ca++ 

Thrombin + Fibrinogen 

\ 

Fibrin 

Cephalin combines with and removes the anti-thrombin, heparin. 

1. Add calcium ion in excess: 

-n u. (Prothrombin) 

(Ca Prothrombin) ^ ^ 

Therefore calcium ion and prothrombin combine to form calcium 
prothrombin until 
(Ca~^) (Prothrombin) _ 

(Ca Prothrombin) 

Leaving a minimum of free prothrombin for conversion to thrombin, 
and clotting times are prolonged. 

2. Add small amount of oxalate ion: 


Result: 


(Ca++) (Oxalate") ^ 

(Ca Oxalate) 

Therefore calcium and oxalate ions combine to form calcium oxalate 
with the consequent withdrawal of calcium ions causing 
(Ca"*^) (Prothrombin) j, 

(Ca Prothrombin) 

Therefore calcium prothrombin dissociates into calcium and pro- 
thrombin, liberating prothrombin for conversion to thrombin and 
hastening coagulation. 


3. Add large amount of oxalate: 


Result: 


(Ca"*"^) (Oxalate") ^ 

(Ca O.xalate) 

Therefore calcium and oxalate ions combine to form calcium oxalate 
with the resultant removal of nearly all of the calcium ion. This 
results in complete dissociation of the calcium prothrombin com- 
bination, but the calcium ions concentration is too low to catalize 
the conversion of prothrombin to thrombin reaction. 
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Matlicmaticalb’-, it is possible to calculate the calcium ion concentrations 
if certain assumptions arc made. The volume of blood in a 2.5 kgm. 
rabbit must be assumed to be 250 cc. The calcium ion concentration 
must be assumed to bo 5 ragm. per 100 cc. Finally, the o.xalate ion con- 
centration must be assumed to be 4 mgm. per 100 cc. From these values 
the apparent solubility product is calculated to be (4.8) (10~'). Using 
this value for the apparent solubility product of calcium oxalate, we find 
the calcium ion concentration of the rabbit’s blood following the adminis- 
tration of 60 mgm. dose of sodium oxalate to be (2) (10“*) moles per 
liter. This is a value of calcium ion concentration which results in an 
inhibition of the clotting processes. The same value following a 40 mgm. 
dose of sodium oxalate is (4) (lO"*). Thus at an approximate calcium 
ion concentration of (2) (10~^) molci? per liter, coagulation is inhibited, 
while at a calcium ion concentration of (4) (10~^) moles per liter coagu- 
lation is hastened. 

It is impossible to calculate similar values for an}' other acid ion used 
as no values are known from which the apparent solubility products can 
be calculated. It is to be emphasized that we apply the law of mass 
action only to the reactions designated and not to the entire process of 
clotting. Moreover, we realize that we are measuring speed of a reaction 
and therefore cannot directlj^ ‘‘ipj^b’’ the law of mass action to the entire 
process; but inasmuch as calcium ion concentration and free prothrombin 
concentration are known to control the speed of the reaction, we feel justi- 
fied in applying the law of mass action indirectly to the entire process, 
as we apply it directly to the reactions listed. 

The study of the action of dicarboxjdic acids in normal animals leads 
us to suggest a similar explanation for the effects observed in Iij'^po-pro- 
thrombinemia due to a lack of the anti-hemorrhagic vitamin. A cal- 
cium prothrombin combination exists in the blood. For its conversion to 
thrombin, the prothrombin must be liberated from the combination. This 
is the action of the dicarboxylic acid. The mobilization of the prothrom- 
bin results in the decreased clotting times observed by us. 

SUMMARY 

Dicarboxylic acids reduce coagulation time in vitamin K deficient 
chicks but do not alter coagulation time in heparinized animals. Fluorides 
reduce coagulation times in normal animals. Evidence is presented 
indicating that the action of fluorides and dicarboxjdic acids is one deter- 
mined by the law of mass action invohdng directl}’’ calcium ion concentra- 
tions and indirectly prothrombin concentration. A calcium prothrom- 
binate is hypothesized. 
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Tlie action of phlorliizin in suppressing the tubular reabsorption of 
glucose is well known; knowledge of its action on transfers from blood into 
tubular lumen is less complete. Under phlorhizin the normal excess of 
exogenous creatinine over inulin clearance in man (1), the apes (2), the 
chicken (3), and the teleost (4) and clasmobranch (5) fishes is abolished 
or reduced ; this has been interpreted as meaning that it abolishes or reduces 
a preexisting tubular excretion of creatinine. Similar etndence has been 
cited (6) for a depression of the tubular excretion of creatine by phlorhizin 
in the marine teleost, E. morio, although the tubular excretor}’’ mechanism 
for creatine in the dogfish is reported as not being afliected by phlorhizin 
except where renal cii’culation is severely depressed (7). Phlorhizin has 
no effect on the tubular excretion of phenol red in the dog (8), except for 
transitory depression which appears to be due to circulatory changes. Li 
the chicken phlorhizin depresses the tubular as well as the glomerular ex- 
cretion of phenol red, “but whether this is a result of a reduction of blood 
flow to the kidney or whether the tubular mechanism by which phenol red 
is excreted is specifically affected, cannot be determined from the present 
data” (9). The question of a direct action of phlorhizin on tubular ex- 
cretory mechanisms appeai-s to be imsettled except in the case of creati- 
nine, where evidence for such action is strongest. 

Difficulties of interpretation have been increased by the circumstance 
that in most of the above cited work doses of phlorhizin designed to block 
completely the reabsorption of glucose have been used. Intravenous 
administration was usually employed, alone or supplemented bj'’ subcu- 
taneous administration; circulatory disturbances are often produced, 
sometimes with nausea and vomiting in mammals. Such disturbances 
are negligible in dogs if a dose of not more than 0.2 gram per kilo is given 
subcutaneouslj’^ and 1.5 hours allowed to elapse before clearance observa- 
tions are begun. Such a procedui'e may or may not completely phlor- 

^ This work was aided by a grant from the Commonwealth Fund. 
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hizinize the dog, where identity of glucose with inulin or creatinine clear- 
ance is the criterion of completeness. In any event the glucose clearance 
win be 80 per cent or more of the inulin. This effect is adequate for our 
purpose, which is to see whether a dose of phlorhizin adequate to bring 
on marked if not complete suppression of glucose reabsorption, with little 
or no circulatory effect, will affect tubular excretion of diodrast (D). 
As a further check on what is happening to the renal circulation, beyond 
that afforded by the behavior of the absolute values of inulin and D clear- 
ances, renal plasma flow (RPF) was determined in two experiments on two 
renal explant dogs by following the extractions of inulin and D. A de- 
pression of the tubular excretion of D by phlorhizin was found, over and 
above any effect due to circulatory changes. 

Methods. Inulin, glucose and D plasma clearances were carried out 
either at constantly maintained plasma levels throughout the experi- 
ment, or with falling plasma levels of inulin and D following two urine 
periods within which a constant and high level of D was maintained. 
Four phlorhizin experiments with 18 urine periods have been carried out 
on 4 dogs; many more control or nonphlorhizin periods were obtained on 
these dogs. ' In 3 experiments 0.2 gram of phlorhizin per kilo, as a 10 per 
cent solution in 2 to 2.5 per cent sodium bicarbonate solution, was given 
subcutaneously 1.5 hours before the first blood collection; in one experi- 
ment 0.1 gram per kilo was given intravenously over a 12 minute period, 
with the next blood collection 17 minutes after the end of the phlorhizin 
injection. Maximum rates of tubular excretion of D (Tm) have been 
followed, as well as clearances at lower plasma D levels. Trained, un- 
anesthetized female dogs were used; inulin (10) and D (11) were given 
by intravenous infusion; a Shaffer-Somogyi copper reagent was used in 
glucose determinations. Urine inuhn readings were corrected for glucose 
contribution to color; glucose effect on plasma inulin readings was com- 
pensated by using a blank filtrate (before inulin administration) for the 
zero setting in the colorimeter. This precludes the necessity of glucose 
removal by fermentation, since our plasma glucose levels remained very 
constant, with variations of less than 5 ragm. per cent throughout an 
experiment. 

Results. Diodrast plasma clearance. At all plasma D levels investi- 
gated the D plasma clearance under phlorhizin is considerably below the 
normal for the corresponding plasma D level. Figure 1 shows normal 
clearances on 4 dogs as solid circles and clearances under phlorhizin as 
open circles on the same dogs. The percentage reduction at low plasma 
D levels is somewhat greater than at high levels; this is explained by the 
following circumstances. The higher the plasma level above that at 
which self-depression of D clearance begins (about 13 mgm. I per 100 cc.), 
the greater is the percentage of D excretion contributed by the glomeruli. 
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At a plasma level of 30 mgm. I per 100 cc. the excretion of D in normal 
dogs is equally divided between glomeruli and tubules and as the level 
rises the glomerular contribution rises above 50 per cent. If phlorhizin 
depresses only the tubular contribution, it follows that its effect on total 
clearance will be less at high plasma levels, where the glomerular contribu- 
tion becomes more and more important. One would thus predict from an 
inspection of figure 3 that glomerular filtration rate (inulin clearance) is 
less affected by phlorhizin in these experiments than is tubular excretion 
of D, and this is found to be tnie. 



Fig. 1. Comparison of normal D plasma clearances (solid circles) with D plasma 
clearances under phlorhizin (open circles) at various plasma I levels, I being a 
measure of D. 

Fig. 2. Comparison of plasma D extractions in normal (solid circles) and phlo- 
rhizin (open circles) periods at various plasma I levels. 


Extraction of diodrast. As would be predicted from the clearance effects, 


the plasma extraction. 


RV 


, of D is lowered by plilorhizin. Figure 2 


shows plasma D extractions under phlorhizin as open circles, as compared 
with extractions without phlorhizin. Renal vein bloods were not obtained 
in the 2 experiments (7 periods) ^vith phlorhizin at plasma levels of about 
3 mgm. I per 100 cc. seen in figure 1. 

Renal -plasma flow. The preceding 2 sections indicate that the lowered 
D plasma clearance seen under phlorhizin is due to tubular depression 
but do not afford unqualified proof of this. This proof can be given by 
showing that the effects cannot be referred to circulatory changes. If it 
can be shmvn that RPF is not lowered and that glomerular filtration rate 
is not greatly lowered by phlorhizin in these experiments, it follows that 
the depression of clearance must be due to a specific depression of tubular 
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excretion by the drug. Renal plasma flows were obtained on 2 dogs, as 
inulin plasma clearance/plasma inulin extraction and as D blood clear- 
ance X Vp/blood D extraction (12); the 2 methods agree closely and their 
average is given here. One dog (Kl) showed an average normal RPF 
of 285 cc./minute/M^ while the phlorhizin periods averaged 307; the other 
dog (K3) averaged 396 normal and 408 with phlorhizin. 

Glomerular filtration rate. The inulin clearance in the 3 dogs where 

0. 2 gram phlorhizin subcutaneously was given 1.5 hours before the begin- 
ning of the clearance observations averaged 94 cc./minute/M^ in the nor- 
mal periods and 67 in the plilorhizin periods. The dog (K7) which was 
given 0.1 gram per kilo intravenously 17 minutes before the next period 
started averaged 71 cc./minute/M^ in the normal and 60 in the phlorhizin 
periods. It thus appears that some fall in glomerular filtration results 
from phlorhizin as given in these experiments. This fall, however, is 
quite inadequate to account for the total fall in D plasma clearance, as 
will be pointed out later. Since it is not accompanied by any fall in RPF, 
it must be explained by a slight constriction of the afferent vessels, pre- 
sumably accompanied by a corresponding dilatation distally. 

Tubular clearance of diodrast. One can get an expression for tubular 
clearance of D by dividing tubular output in mgm./minute/M^ by plasma 
level; tubular output is total output minus glomerular output, the latter 
being calculated from filtration rates and filterable fraction of D (13). 
If the fall in total (glomerular plus tubular) plasma clearance of D under 
phlorhizin were due solely to the fall in glomeralar filtration rate, the tubu- 
lar clearance would remain rmchanged; actually it is considerably reduced. 
Taking only the periods where plasma I level is below 13 mgm. per 100 cc., 

1. e., the periods in which there is no self-depression of D clearance, the 4 
dogs show an average tubular D clearance of 173 cc./minute/M^ in the 
normal and 110 in the phlorhizin periods. The average total plasma 
clearance of D drops from the normal of 267 cc./minute/M“ in these 
experiments to 177 under phlorhizin; of this drop of 90, the fall in glomeru- 
lar output accounts for only 27. Depression of tubular output by phlor- 
hizin thus accounts for 70 per cent of the drop. 

Even though it is shown that the tubular excretion of D is lowered by 
phlorhizin it is still not proved that any specific disturbance of the excre- 
tory mechanism is being produced until it is shown that the fall cannot be 
explained merely on the basis that less D is being brought to the tubules. 
The best expression of the tubules’ efficiency in excreting D is what may 
be termed the “tubular extraction” of D, which can be expressed as 
tubular D plasma clearance/RPF. It designates the fraction of RPF 
which is cleared of D by tubular activity. A fall in this value indicates a 
fall in the inherent ability of the tubules to excrete D and its value will 
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not be affected b}'- changes in RPF unless the latter falls so low as to damage 
the tubules bj-- ischemia, which is not the case in these experiments. This 
fraction has averaged 0.55 in the normal periods and 0.31 in the phlorhizin 
periods. It thus appears that the efficiency of the tubules in excreting 
D at plasma levels below 13 mgm. I per 100 cc. is lowered by phlorhizin 
in these experiments to about 56 per cent of the normal and that the 
depressant effect cannot be explained on the basis of a tubular ischemia. 

Effect on maximum tubular excretory rale. Observations on the maximum 
rate of tubular excretion (Tm) of D as affected b 3 ’' phlorhizin have been 
made on 2 dogs. In these dogs D Tm was norraallj’- attained at a plasma 
level of 18 to 20 mgm. I per 100 cc. and averaged 24.3 mgm. I/minute/M-; 
under phlorhizin the plasma level necessary to bring on D Tm was the 
same as in the normal periods (.somewhere between 16 and 20 mgm. I per 
100 cc.) but the value of D Tm averaged 15.5 mgm./minute/M". The 
maximum ability' of the tubules to excrete D under phlorhizin is thus 64 
per cent of that without phlorhizin; here also the effect is not due to am’’ 
fall in RPF. It thus appears that the maximal tubular excretoiy power 
for D is depres,sed bj’’ phlorhizin in these experiments to about the .same 
extent as is their efficiencj’ in extracting D at low plasma levels, i.e., to 
about 60 per cent of the normal; this identity of effecls at high and low 
plasma levels is of some theoretical interest. 

Glucose clearance. The tubular reabsorption of glucose was usuallj’’ not 
completely aboli.shed by phlorhizin as given here; the ratio glucose/inulin 
plasma clearance averaged 0.85. With jihlorhizin doses and time relations 
adequate to insure a unity glucose/inulin clearance ratio an even greater 
depression of tubular excretion of D would probablj’’ be obtained. It was 
considered more desirable, however, to restrict the jihlorhizin dose so as 
to minimize circulatory changes even though glucose reabsorption was not 
completely suppressed, since our arguments do not demand such com- 
pleteness. 


SUMMARY 

A dose of 0.2 gram phlorhizin per kilo subcutaneousty given 1.5 hours 
before beginning observations lowers the plasma clearance and renal 
extraction of D considerably more than can be accounted for 63 ’’ the slight 
lowering of glomerular filtration rate which results. Renal plasma flow is 
unchanged. The ability of the tubules to excrete D is lowered to about 
60 per cent of the normal at both high and low plasma D levels. The 
work was done on unanesthetized dogs. 
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Pretaous investigations have revealed that the t'oung animal is more 
resistant to asphyxia than is the adult (1, 2). Recently, it has been demon- 
strated that the brain itself is more resistant in the young animal, since 
young dogs vere found to be less susceptible than adults to complete arrest 
of the brain circulation (3). Careful studies of the changes in vascularity 
in various portions of the rat brain from birth to maturity (4, 5, 6) have 
revealed a rapid and progressive increase in vascularity during the develop- 
mental period. It was therefore deemed advisable to investigate quanti- 
tatively the course of the change in.resistance to arrest of the brain circula- 
tion during the period of rapid grovi;h. 

The basis for such a quantitative investigation is the remarkable con- 
stancy of the effects produced by a given period of complete cephalic stasis 
in adult dogs (7, 8). Thus, all normal adult animals studied had recovered 
completely several weeks after arrest of cephalic blood flow for a period of 
six minutes or less. On the other hand, severe permanent brain damage 
was evident in every adult dog subjected to eight minutes of arrest of the 
brain circulation. The S 3 ’mptoms and the course of recoveiy of adult dogs 
subjected to the same period of arrest of blood flow were practically identi- 
cal regardless of differences in size, age, sex or breed of the experimental 
animals. 

Method. The method employed was essentiallj’’ the same as had been 
used previously in the investigation of adult dogs (7, 8). A preliminary 
aseptic operation, involving removal of the spine and laminae of the second 
cervical vertebra, was performed under ether or pentobarbital a day or two 
before the experiment. 

A day or two after operation, following insertion of a metal tracheal tube 
through the glottis and administration of atropine, a cendcal pressure cuff 

^ Aided by a grant from the Committee on Scientific Research of the American 
Medical Association. 

® Assistance in the preparation of these materials was furnished by the personnel 
of Works Progress Administration, Official Project no. 665-71-3-69,. sub-project 
no. 309. 
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was inflated suddenly by means of compressed air to a pressure of 600 to 
800 mm. of mercurjL In this way, the blood flow to the brain was stopped 
suddenty and completely. Artificial respiration was given when the respi- 
ratory center began to fail, and was continued during and following the 
arrest of circulation until respiratoiy function was again established. The 
effects of arrest of the cephalic circulation have been studied in 42 dogs, 
ranging in age from 8 to 141 days. The animals varied in weight, sex and 
breed. Littermates were studied using different periods of brain stasis. 

The argument that the high pressure over the spinal cord in the region 
of the laminectomy may cause damage to the spinal cord and thus compli- 
cate the results has been discussed elsewhere (8). It will be evident from 
the results to be presented that this is not a significant factor. 

Results. A. Quantiiaiive study of revival time of hrain function. The 
maximal duration of aii’est of the cephalic circulation from which brain 
function can recover completely has been studied in dogs at different ages. 
This 'Tevival time" (9) decreases progressively as the animal grows older. 
This study is illustrated graphically in figure 1. All points on or below the 
lower curve (absolute revival time) represent animals which recovered 
completel}’’ in a relatively short time follovung arrest of cephalic blood flow 
and lived a normal existence for montlis afterguards. This cun’-e, then, 
represents the duration of cephalic stasis from which animals can undoubt- 
edlj’’ recover completely. It is, however, questionable whether these 
figures represent the maximal period of cephalic stasis compatible vdth 
complete recovery. One needs only to recall that adult dogs, follovdng 
a six-minute period of cephalic stasis, remain in coma for 24 to 36 hours 
and show neurological symptoms such as ataxia for several weeks, after 
which recoveiy is apparently complete (8). While the animals represented 
in figure 1 by open circles had neurological sjouptoms until they died, most 
of them only lived for to 10 days following arrest of the cephalic circu- 
lation. The symptoms which they showed were relatively mild in most 
instances. These animals were able to stand and walk, to lap milk, swallow 
and sometimes nurse on the day following the arrest of cephalic blood flow. 
Their S 3 mptoms consisted of ataxia, tremor and lack of spontaneous 
activity. Furthermore, many of these young animals showed improve- 
ment during the few days that they remained alive, and it is not excluded 
and even seems probable that recovery would have been complete had 
they survived for a longer period. The animals died either of secondary 
upper respiratory or gastrointestinal infection or of poor nutrition and 
dehydration. "V^en one considers the difficulties involved in feeding and 
caring for these young nursing animals, such results are not at all surprising. 
It is necessary, therefore, to revise our estimates of revival time upward and 
the upper curve in figure 1 seems likely to be closer to the correct figures. 

The change in resistance to arrest of the cephalic circulation with age 
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is thus well shown by the stud}'- of revival time. At every age, there 
appears to be a critical revival time beyond which complete recover}' is 
impossible, and this is as true at 8 to 10 days of age as it is in the adult. 
While the adult has a revival time of 6 minutes, at 79 days the revival time 
is 10 minutes, at 48 days 12 minutes,' at 24 days 14 or 15 minutes, at 10 



I 1 1 1 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 10 20 30 *0 50 W 70 eo 00 100 110 120 130 HO 150 IfcO 170 lEO 190 } 

AqpindaijS Adult '' 

Fig. 1. Maximum period of cephalic stasia compatible with complete recovery 
of brain function at various ages (revival time). The solid cireles represent animals 
which showed complete recovery of brain function and lived for months after cephalic 
stasis. The solid line indicates the absolute revival time. The open circles repre- 
sent animals which had some symptoms of brain damage following cephalic stasis 
and remained alive for If to 10 days. The dotted line indicates the possible or 
probable revival time. The crosses represent animals which showed evidence of 
severe brain damage and died as a rule within 2-1 hours. Further explanation will 
be found in the text. 

days close to 20 minutes. At birth, continuing this trend, one might 
expect a re-vdval time of approximately 23 minutes. 

The decrease in resistance of the brain to stasis with increasing age of 
the developing animal was also brought out clearly by the study of litter- 
mates at different ages. T-w'o littermates, A and B, males of the same size, 
■w'eight and color, were subjected to arrest of the cephalic circulation, A at 
the age of 27 days and B at the age of 124 days. On the day following a 
12-minute period Of arrest of cephalic blood flow, A w'as aw'ake and could 
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stand and walk but fell frequentlj'- as a result of ataxia. At 48 hours 
the animal was entirelj’- normal except for a slight ataxia which soon dis- 
appeared. B at the age of 124 days was subjected to a period of cephalic 
stasis of six minutes, only half the period of stasis to which the littermate 
had been subjected some three months earlier. For the first 48 hours 
after arrest of blood flow of six minutes’ duration, B was unconscious or had 
only very dim consciousness of his surroundings. He was unable to turn 
from his side to his abdomen, stand or walk, and lay on his side showing 
no spontaneous movements. It was not until the fifth day that he regained 
full consciousness, could turn from his side to his abdomen and sit up. 
He was still unable, at this stage, to stand or walk. At the end of a week, 
he was alert and curious and was able to stand and walk but fell very fre- 
quently due to the severe ataxia. The ataxic s^’^mptoms gradually’- im- 
proved, and disappeared a month after the cephalic stasis. Both A and B 
are still alive at this writing, 8^ months and 5| months, respectivelj'', 
after the arrest of blood flow, and neither animal can be distinguished from 
the normal. The effects of a 6-minute period of arrest of brain circulation 
were thus more severe at 124 days of age than a 12-minute period of 
circulatorj'’ arrest in a littermate 27 days of age. 

A similar experiment was performed in which two littermates were 
subjected to arrest of cephalic circulation of ten minutes’ duration at dif- 
ferent ages. Dog 9, following 10 minutes of arrest of blood flow at the 
age of 48 days, was able to stand and walk ataxically after three hours. 
After six hours, he was alert, curious and responsive, came when he was 
called, fed himself and was quite normal except for a slight ataxia, and 
after 24 hours had recovered completely. On the other hand, dog 10, 
at the age of 77 days, had much more severe sj’-mptoms following 10 minutes 
of cephalic stasis. On the day after the arrest of circulation, the animal 
lay on his side in coma, motionless and unable to turn from the side to 
the abdomen. By the fourth day, he had recovered consciousness and 
could sit up and eat but was unable to stand or walk. On the fifth da}’’ 
he was more curious, active and responsive, and could stand and walk, 
although the verj’- severe ataxia resulted in frequent falling. Thus, dog 10, 
although onl}’^ a month older than his littermate, was severel}’’ affected by 
the same period of cephalic stasis from which the littermate had recovered 
in a few hours. 

B. Loss of function during corti'plele arrest of the cephalic circulation. 
The time during which various functions persist, despite complete cessa- 
tion of blood flow in the brain, is an index of the resistance of the neural 
sti'uctures to anoxia which has been designated the “survival time” (9). 
Studies of the corneal reflex, respiration and spontaneous somatic move- 
ments in dogs at various ages show that the survival of reflexes of animals 
8 to 1 1 days of age is very much longer than in adult dogs. The index of 
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resistance to arrest of cephalic blood flow (adult = 1), derived from the 
data on respiratory survival time, provides a rough estimate of the quanti- 
tative change in resistance with age. When the index of resistance of 
the respiratory center is plotted against age, one obtains a hyperbolic 
curve (fig. 2), indicating that the decline in resistance to anoxia is vers' 
rapid during the first post-natal month and slows down progressive!}^ in 
the second, third, and fourth months of life. An animal at four months 
of age is as susceptible to cephalic sta.sis as the adult dog. When the 
curve is extrapolated to zero age (birth), ^ the resistance of the respiratory 
center to ari’est of its circulation appears to be approximately seventeen 
times that of the adult, fl'lie respiratory survival time during brain stasis 
is 20-30 seconds in the adult dog and five minutes in dogs 8 to 10 days of 



Fig. 2. Influence of age on the resistance of the respiratory center to arrest of 
circulation. The resistance of the respiratory center represents the inde.x of relative 
resistance based on survival time, with adult = 1. 

age. Respiratory efforts persist for 27 minutes during a.sphje^ia in dogs 1 
day old, while the}" cease in 2 to 4 minutes (10) in asphy.xia in the adult. 

During arrest of cephalic blood flow in the adult dog, after cessation of 
respiratory reflexes and of .spontaneous somatic movements, a state of 
profound spinal shock becomes evident (8). This is readily made apparent 
by disappearance of the flexion reflex to noxious stimulation of the foot. 
The spinal shock often persists for some time after arrest of blood flow 
and spinal reflex irritability is only gradually restored. In young dogs, 
on the other hand, there was no evidence of spinal shock during complete 
arrest of blood flow in the brain. In eleven animals, 8 to 11 days of age, 
the flexion reflex could be elicited readily throughout the period of cephalic 


® The validity of such extrapolation may be open to question. 
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stasis, even though the stasis was continued for as long . as 35 minutes. 
The flexion reflex was also present throughout the period of arrest of 
cephalic circulation in dogs 17, 24, and 27 days of age. Evidence of mild 
spinal shock was found in experiments oh dogs 45 days of age. In a dog 
97 days of age subjected to complete arrest of brain circulation for a period 
of 6 minutes, the flexion reflex could no longer be evoked after 2 minutes, 
50 seconds of stasis, and the reflex did not reappear until one minute after 
restoration of blood flow. At four months of age, spinal shock appeared 
during cephalic stasis and was only gradually dissipated afterwards. At 
first, after restoration of blood flow in the brain, only the flexion reflex 
was elicited and the crossed extension reflex did not reappear until several 
minutes later. 

C. Immediate return of function after restoration of cephalic blood flow. 
After the blood was allowed once more to flow through the brain, this 
organ graduall}’’ recovered its functions. These functions were restored 
in the order opposite to their disappearance during cephalic stasis. The 
first sign of recovery was movement of the tail or movements of the skin 
followed b}' movements of the limbs. Soon after this, the first inspiration 
occurred, a strong uispiratory movement accompanied b}’’ opening of the 
mouth, repeated irregularlj^ and infrequently. Some time after the begin- 
ning of respiratory efforts, the corneal reflex was restored and after another 
short interval, respiration became normal in rhythm and frequency. 

The speed of recovery of the lower centers involved in these functions 
depends on two factors: the duration of aiTest of the brain circulation, 
and the age of the animal. The quantitative results on “recovery time” 
of respiration (appearance of the first inspiration) and of the corneal reflex 
in dogs at various ages is illustrated in figure 3. Most of the points repre- 
sent the average recovery time of a number of animals. Restoration of 
function of the corneal reflex is greatly delayed compared to the respiratory 
center, being on the average about four times that of respiration. For 
any period of cephalic stasis, the younger the animal, the shorter the 
recovery time and, with increasing age, the recoveiy time of the young 
animal approaches that of the adult dog. In general, regardless of age 
or the duration of cephalic stasis, when the respiration is revived within 
2| minutes and the corneal reflex within 12 minutes, later recovery of brain 
function is apparently complete. On the other hand, longer recovery 
times be 3 '’ond these critical values result in more or less severe permanent 
damage of the brain. (One must keep in mind that these arc average 
figures and must allow for individual variations.) The average critical 
figures for recovery time are somewhat lower for the adult dog, being two 
minutes, for respiration and less than eight minutes for the corneal reflex. 

D. Asphyxia in the neonatal period. Anoxia was produced in 11 dogs 
and 6 rats in the neonatal period b 3 ’’ causing the animal to rebreathe a 
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small volume of pure nitrogen. In the dogs, a small metal cone was 
ompIo.yed, the open end of wliicli was covered willi a rub])cr membrane 
containing an opening just large enough to admit the licad. This cone 
was filled with nitrogen by blowing a stream of the gas through it for a 
minute or two, following which the cone was placed in position. The 
stretched rubber membrane fitted around the neck and was air-tight. The 
rats were placed in a short wide test tube full of nitrogen which was 
stoppered. 

The results arc presented in table 1. It is interesting to compare these 
results Avith the effects of a.sphj'xia in the adult dog. According to 



Fig. 3. Recovery time of respiration and the corneal reflex in dogs at various ages. 
The solid lines represent recovery time of respiration (first gasp); the broken lines 
represent recovery time of the corneal reflex. The symbols for the various age 
groups are indicated in the figure. Most of the points represent the average recoverj' 
time of a number of animals. The data for the corneal reflex in the youngest age 
group were very meager because most of these animals did not yet have the eyes open. 

Lougheed, Janes and Hall (10), adult dogs never recover after seven 
minutes of acute asphyxia, rarely recover after four minutes, and in some 
cases do not recover after only two minutes of asphyxia.* In all of the 
dogs one day of age which died (1, 4 and 5), inspiratory movements re- 
turned during the fii’st minute of resuscitation but persisted onl}’- 4 to 5 
minutes and then stopped. Soon after cessation of respiration, the flexion 
reflex disappeared. It was then found impossible to resuscitate the ani- 
mal, despite prolonged and efficient artificial respiration. In the two 
other experiments which terminated fatally, no respii*atory effort was made 
following renewal of the oxygen supply. 
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All of the j^oung dogs and rate which survived the severe acute asphyxia 
recovered function very rapidly. The animal which recovered from anoxia 
of 25 minutes’ duration sat up and moved 11 minutes later and became 
active and began to nurse 17 minutes after the end of anoxia. After 20 
minutes of anoxia, the newborn animal, though unable to turn from the 


TABLE 1 

Acute anoxia in the neonatal period 
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side to the abdomen 24 minutes later, was moving ataxieally 32 minutes 
after the readmission of oxygen. On the day following the experiment, 
the animals could not be distinguished in any way from control animals. 
Moreover, some of the dogs and all of the rats were observed for a number 
of weeks, and their growth, activity, neurological status and apparent 
cerebral function were all unimpaired by the prolonged asphyxia. Acute 
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complete anoxia in the newborn would thus appear to bo an "all-or-none” 
reaction, resulting in either complete recovery or an immediate fatal 
termination. This would seem to indicate that, as in the adult (10, 11), 
the heart is more sensitive to asphyxia than is the brain. 

Discussion. An une.xpected result of this investigation was the ob- 
servation that spinal shock does not appear in very young animals during 
arrest of the brain circulation as it docs in adult animals. A .survey of the 
available literature has failed to reveal a previous report of this finding. 
Since the degree of .spinal shock which is produced in animals is less the 
lower the species in the evolutionar 3 '- scale, this is, perhaps, another ex- 
ample of ontogeny recapitulating phjdogeny. Viewed in this light, one 
maj'-, perhaps, consider the generally greater resistance of newborn animals 
to anoxia also as an example of this fundamental biological principle, 
since lower forms of animals arc known to be more resistant to anoxia than 
higher fonrns. 

E\ndence has been presented that the brain of the verj" jmung animal 
is vciy resistant to arrest of its circulation and that this resistance de- 
creases rapidl}’’ at fiist and then more slowly with advancing age. The 
greater resistance of the 3 mung brain has been demonstrated b 3 ’’ studies of 
loss of function during brain sta.sis (survival time), recover 3 ’' of function 
after restoration of cephalic circulation (recovery time) as well as the 
abilit 3 ’- to recover complete^’’ following jirolonged arrest of circulafion 
(revival lime). A greater resistance to anoxia of the heart, as well as the 
brain, has also been indicated by the long survival and revival times of 
acute complete anoxia in the newborn. All of these indices of re-sistance 
to anoxia were consistent in illustrating the factor of age. The change in 
resistance to anoxia from birth to maturlt 3 ’' is of a magnitude be 3 ’'ond the 
probable error involved in these experiments, since the resistance of the 
newborn as shown by revival time was 400 per cent greater than the adult, 
while the resistance of the newborn respiratory center as shown b 3 ’’ sur- 
vival time was perhaps 1700 per cent greater than the adult. 

Previous investigators have established the fact that newborn animals 
are more resistant to anoxia than are adults. Reiss and Haurowitz (1), 
who limited their study to survival time, found that newborn mice were 
more resistant than adult mice, ivhether the anoxia ivas produced by car- 
bon monoxide, h 3 ^drogen, carbon dioxide or hydrogen cyanide, while age 
was not a factor in susceptibility to chloroform. Calculating from their 
data, the ratio of resistance of newborn to adult for pure carbon monoxide 
is 132:1 and for hydrogen cyanide 117:1. Avery and Johlin (2) also 
demonstrated the greater resistance of young animals to carbon monoxide 
asphyxia. In the course of other studies, incidental observations have 
been made on the greater resistance of the 3 ’'Oung brain to arrest of its cir- 
culation b 3 ' Crile and Dolle 3 ' (12) and Andre 3 ’'ev (13). 
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The greater resistance of the brain of the newborn to arrest of circula- 
tion is probably dependent on metabolic factors. The basal metabolism 
of the newborn per unit weight is greater than that of the adult, but per 
unit bodj’" surface is smaller than in the adult (14). Himwich and his 
co-workers (15, 16) have studied the metabolism of infant brain slices, in 
vitro, and found that the QO 2 per unit diy weight was the same as that of 
the adult in the absence of substrate or in the presence of lactate. On the 
other hand, in terms of dry weight, in the presence of glucose the QO 2 of 
the brain of infants 1 to 11 days of age was 11.7, while at 12 to 24 days of 
age it was 13.6, which is the adult level. Per unit wet weight of minced 
brain, the O 2 uptake of the infant was 123 compared with 200 for the 
adult. This is a much smaller difference than has been noted in respha- 
tory sui’vival time and in revival time of very young and adult dogs in 
our experiments. The difference in rate of oxygen utilization of the brain 
of the infant and the adult may thus be a minor factor in the greater re- 
sistance to anoxia of the infant brain. 

Another factor to be considered in relation to the resistance of the 
brain to anoxia is the ability of the neurons to obtain energy in the ab- 
sence of oxygen. Reiss (17) reported that the major factor involved in 
the resistance of newborn mice and I’ats to anoxia (carbon monoxide poison- 
ing) was the ability to break down carbohydrate to lactic acid anaero- 
bically. He compared the lactic acid content of the entire bod}^ of normal 
and fatally asplyxiated animals in the newborn and the adult. The in- 
crease of lactic acid produced by asphyxia in the newborn was 460 per cent 
compared to an increase of lactic acid of 23 per cent in asphyxia in the 
adult animal. Reiss also noted that death occurred from asphyxia in the 
newborn with a large carbohydrate reserve still present. Moreover, while 
the animals succumbed much more rapidly to anoxia at 37°C. than at 
room temperature, the lactic acid levels were the same at the time of 
death. This indicates that the cause of death may be accumulation of 
lactic acid. Since the increased resistance to anoxia in the newborn ap- 
pears to involve the heart and other tissues as well as the brain, it is a 
reasonable assumption that the infant brain .shares in the increased anaero- 
bic glycolysis. 

Reiss’ (17) figures for lactic acid and our own data for revival time cor- 
respond closely. Reiss found that the increase of lactic acid production 
in asphyxia in the newborn as compared to the adult was 430 per cent. 
The data presented above on revival time (fig. 1) indicate that the brain 
of the newborn is approximately 400 per cent more resistant than that of 
the adult to arrest of circulation. It is interesting to note that Craigie (5) 
found an increase in vascularity of the rat parietal cortex from birth to 
maturity of 440 per cent. 

Statements appear in the literature mthout experimental evidence 
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that the brain of the newborn is less resistant to anoxia than the adult 
brain. Thus, in a discussion of paranatal asphyxia, Schreiber (18) states; 
"Considerable clinical evidence supports the conclusion that the brain 
tissue of an infant can sustain much less oxygen deprivation than can 
the adult organ, and therefore, is more readily damaged from this par- 
ticular cause than is adult cerebral tissue." Clinical observations on 
asphyxia neonatorum (19) reveal, however, that the newborn infant can 
recover completclj’’ after severe asplij-xia prolonged far beyond what would 
constitute fatal a.sphyxia in the adult. The great resistance of the respira- 
tory center of the newborn is attested to bj’’ the jjrompt response of severely 
asphyxiated infants to lobeline. There seems to be good reason to believe, 
therefore, that the brain of the human infant is more resistant to anoxia 
than the adult organ. 


SUMMARY 

1. The young dog is much more resistant to acute asphyxna than is the 
adult animal. 

2. The brain of the young animal is much more resistant to arrest of its 
circulation than is the adult organ. This has been demonstrated by quan- 
titative studies of survival time, lecover}'^ time and revival time after 
temporary complete arrest of the cephalic circulation. 

3. In the newborn, the respiratory center will apparently continue to 
function 17 times as long as in the adult during complete arrest of blood 
flow in the brain. 

4. The ability of the newborn to achieve complete functional recovery 
following periods of complete arrest of the brain circulation is approxi- 
mately 400 per cent greater than that of the adult. 

5. The change with age in resistance of the brain to arrest of its circula- 
tion follows a hyperbolic curve, decreasing rapidlj'' in the first month and 
more gradually later. The resistance is diminished to the adult level at 
the age of four months. 

6. Spinal shock does not supervene during arrest of the brain circula- 
tion in jmung dogs. 

7. The relation of the increased resistance to brain anoxia in young ani- 
mals to changes with age in metabolism and vascularity of the brain is 
discussed. 
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The effect of adrenalin on tlie carbohydrate metabolism during muscular 
exercise has been studied by Dill, Edwards and dc Meio (1935), who found 
that the RQ after adrenalin injections was considerably higher than in 
control experiments without adrenalin. They concluded that ^^^th the 
doses of adrenalin used the utilization of sugar was increased. This 
conclusion has been questioned by Courtice, Douglas and Priestlej’’ (1939), 
who assert that the initial increase in RQ depends on the increase in blood 
lactic acid rather than on oxidative changes and that a subsequent period 
with subnormal RQ when lactic acid is being removed brings the RQ for 
the whole period of accumulation and disappearance of lactic acid to the 
level of control experiments without adrenalin. As the material published 
by Courtice, Douglas and Priestley does not, in our opinion, con^’incingl 3 ’• 
support this assertion, we have repeated the experiments under standard- 
ized conditions and with special care for the control experiments. 

The procedure followed is ver}’’ close to that followed b}' Courtice, 
Douglas and PriestleJ^ The work consisted in walking on the treadmill 
at 5.6 km. an hour at a grade of 8.6 per cent for three hours. Expu’ed air 
was collected for ten out of ever^^ fifteen minutes during the experiments, 
except during the 30 minutes followng the injections when collections were 
made for four minutes out of cveiy five. Blood samples, venous or 
capillarjq for determination of blood .sugar, lactic acid, and ketone bodies, 
were drawn regulaiij' at thirt 3 ’’-minute intervals, but, whenever necessar 3 ’', 
at shorter intervals. Urine was voided before work, just after work, and 
one-half hour later, and was tested for acetone. 

The subjects (A, 32 3 ’’ears, and W, 26 3 '^ears) came fasting to the labora- 
tory in the morning. They lived on an ordinar 3 '' mixed diet. Subject W 
did not change this diet throughout the period of experiments while 
subject A, about halfway through the period, changed his diet to one con- 
siderably richer in carbohydi’ates. The injection of 1 mgm. of adrenalin 
chloride (Parke, Davis & Co., 1:1000) was made intramuscularly at the 
end of the first hour of walking, the first hour of work being used as a con- 
trol. In further experiments 3.5 units of insulin (solution of zinc-insulin 
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crystals, Lilly) was given intravenously, either alone or combined with 
adrenalin chloride intramuscularly or sugar orally. 

The air samples were analyzed at the Haldane apparatus, blood sugar 
determined after Folin and Malmros (1929), lactic acid after Edwards 
(1938), and blood acetone after Van Slyke and Fitz (1917). One week 
or more elapsed between performances in order to secure complete recoveiy. 

Control experiments. Control expeiiments showed that the effects of the 
work on metabohsm, RQ, and blood compounds were veiy well repro- 
ducible as long as the diet was unchanged; in subject A, when at the time 
of the last experiments a carbohydrate-rich diet was being taken, the onl}’^ 
effect found was a slightly higher trend in the RQ than in the first experi- 
ments. This effect of the diet on the RQ has been shown recently by Chris- 
tensen and Hansen (1939), but it is emphasized that the RQ in exercise 
ma 3 '- be altered b 3 ’’ other factors than diet. Unpublished experiments b 3 '^ 
Dill show that even on a prolonged constant diet considerable changes in 
the trend of the RQ during constant work ma 3 ’’ be found, and we had, in 


TABLE 1 


SUBJECT 


CALonnss 


CAliCinjATED BQ PER HOUR 

TOTAL CAB- 

CALORIES 

DERIVED 



3. hour 

Total 




nOHTDKATE 

irRuM CaH 
BOHYDRATE 

w 

498 


507 

1,497 

0.881 

0.833 

m 

gm. 

170 

per cent 

45.6 

AI 

536 


547 

1,619 

0.884 

0.844 


191 

47.1 

All 

534 

542 

558 

1,634 

0.900 

0.877 

Bl 

229 

55.9 


connection with the present experiments, to give up a third subject, a young 
negro, because his RQ during work showed large differences from week to 
week, although his diet was as constant as that of A and W. Subjects 
A and W showed during the three hours of walking a steadib’^ increasing 
O 2 intake. In the case of A it rose from about 1.8 1/min. at the start to 
about 1.9 1/min., and in the case of W from about 1.6 1/min. to about 
1.7 1/min. The RQ decreased during the same time from about 0.91 at 
the start to about 0.80 at end of the work. Neither blood sugar nor lactic 
acid nor blood acetone showed any considerable changes during the work. 
(See figs. 1-5.) The total amount of work done and the amount of car- 
bohydrate burned during this work are averaged in table 1. 

The carboh 3 '^drate burned is calculated from the RQ without regard to 
the protein metabolized. 

The table shows the stead 3 ’' decrease in RQ during the three hours’ 
walking and also the effect on RQ and on carbohydrate utilization of 
changing the diet with A. (AI before change in diet. All after change in 
diet.) The efficiency vdth which W worked was apparent^’- better than 
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A’s, their weights being about the same, 69 kgm., as the total output of 
calories shows. 

Adrenalin. The effect of injecting 1 mgm. of adi-enalin at the end of 
the first hour as compared with a control experiment is shown in figure 1 
for subject AI. The findings on W were very similar, A calculation of 
the caloric output and the amount of carbohydrate burned in these experi- 
ments is shown in table 2. 


TABLE 2 


BUBJECT 


CALORIES 


CALCULATED RQ PER HOUR 

TOTAL CAR- 

CALORIES 

DERIVED 

1 . hour 

2 . hour 

3. hour 

Total 

1 . hour 

2 . hour 

3. hour 

BOHTDRATE 

FROM car- 
bohydrate 

w 

504 

516 

522 

1 

1 

1,542 

0.874 

0.879 j 

0.793 

pm. 

188 

percent 

48.9 

AI 

533 

561 

535 

1,629 

0.886 

0.885 

0.834 

225 

55.2 



Fig. 1. Subject A. Blood sugar, lactate, and acetone in milligrams per cent and 

RQ during three hours’ walk. control experiment, x x experiment 

with injection of adrenalin (at ADR.). 

Fig. 2. Subject A. control, x x experiment with injection of 

insulin (at INS.). 

A comparison of tables 1 and 2 shows an increased utilization of carbo- 
h 3 ’^drates after administration of adrenalin. The curves of figure 1 show 
that the increase in RQ immediately follovnng the injection to a certain 
degree is counteracted bj’^ a decreased RQ later on. Part of the increase in 
RQ is doubtless due to the simultaneous increase in the concentration of 
lactic acid, which mil drive out an equivalent amount of CO 2 . As the 
lactic acid concentration again decreases a con’esponding amount of CO 2 
must be retained and this Avill result in an apparently low RQ. In the last 
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30 minutes of the work the lactic acid concentration in both subjects was 
nonnal, and the RQ found in this period can consequent!}’- be assumed to 
be real. The two hours after the injection of adrenalin must therefore have 
given the organism time enough to restore the blood and alveolar CO 2 , 
and one is entitled to calculate the amount of carbohydrate oxidized during 
the three hours’ work from the total RQ of the whole period. 

The increased RQ follovung an injection of adrenalm may depend upon: 
1, the increased blood sugar level, offering more sugar for the muscles to 
burn; 2, the increased concentration of lactic acid, favoring oxidation of 
lactic acid and thus increasing the RQ; 3, the high blood sugar level, stim- 
ulating the pancreas to put out more insulin, which, besides affecting the 
storage of sugar in the liver and in the muscles, might cause the muscles 
to burn more sugar. In order to test some of these possibilities, a series 
of complementary experiments has been carried out, which will be de- 
scribed in the following. 

Insulin and glucose. Figure 2 shows the effect of an intravenous in- 
jection of insulin (3.5 units) on blood sugar, lactate, acetone bodies, and 
RQ in subject A. The low blood sugars were accompanied by hjTpo- 
glycemic symptoms (impaired vision and hearing, difficulty in continuing 
the work, pempiration), later followed by a strange feeling of numbness and 
cold in the legs. This feeling soon disappeared, however. It can be 
seen that the maximal RQ is found at a time when the lactic acid is still 
rapidl}’- increasing. A calculation of the total percentage of carbohydrate 
calories in these experiments gives 65.8 per cent for All, 52 per cent for W, 
compared ivith 55.9 per cent and 45.6 per cent respectively in the controls. 

Figure 2 shows that liigh RQ’s are not necessarily dependent on high 
blood sugars. The increase in lactic acid and the high peak on the curve 
representing the RQ might in this case be due to a seca’etion of adrenalin 
evoked by the low blood sugars. We tried in two waj’-s to avoid these low 
blood sugar values: We combined the effect of adrenalin wdth that of 
insulin, and we gave glucose combined with insulin. 

The results of an experiment in which both adrenalin and insulin were 
given are shown in figure 3 (subject W). The adrenalin was given 15 min- 
utes before the msulin. Calories derived from carbohydrates in All were 57 
per cent and in W were 51 per cent, compared with 56 per cent or 46 per 
cent in the controls. In the case of All it might be remarked that the 
RQ in the first hour was unusually low (0.862 compared Avith 0.900 in the 
controls). 

When 100 grams of glucose were given 20 minutes before the injection of 
insulin, the results came out as shown for W in figure 4. The percentage 
of calories derived from carbohydrates was 64.8 per cent for All, and 61.6 
per cent for W, a considerable increase compared with the controls, 55.9 
per cent and 45.6 per cent. 
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In a last experiment the effect of 100 grams of glucose alone was tested. 
Figure 5 shows the result on W. Calories derived from carbohydrate 
were 59.8 per cent by All and 55.9 per cent by W. 

The two subjects showed no ketonuria in rest before the walk. After 
the three hours’ walk W’s urine showed a slight positive nitroprusside 
reaction in the control experiments and in the experiments where adrenalin 
was given — none in the other. One-half hour after the work, however, 
the test was strongly positive for W in the same experiments and faintly 



Fig. 3. Subject W. control, x x experiment with injection of 

adrenalin (at ADR.) and insulin (at INS.). 

Fig. 4. Subject W. As formerly; at first mark 100 grams of glucose wore given 
orally; at second, insulin injection. 



30 60 90 CO eo ISO 

TtNE IN MINUTES 


Fig. 5. Subject W. One hundred grams of glucose given at mark. 

positive for A. The blood acetone showed no alterations during the three- 
hour walk and neither adrenalin nor insulin seemed to change its concentra- 
tion in the blood. A slight increase in blood acetone one-half hour after 
the walk was often obsen'^ed. Figures 1 and 2 and table 3 give the data 
obtained. 

Discussion. The results of the experiments in which adrenalin was 
given intramuscularly showed in accordance ivith the results of Dill, 
Edwards and de Meio that adrenalin increases the RQ during muscular 
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exercise. Courtice, Douglas and Priestley ascribed this result to the effect 
of the lactic acid on the CO 2 of the blood and presented curves which show 
a slight compensatory decrease in RQ later during the time when lactic 
acid is removed. As our experiments, however, last at least 30 minutes 
longer than necessary for complete removal of excess lactic acid, it is possi- 
ble to determine the true RQ for the entire period and thereby the per- 
centage of the total caloric output which is derived from carbohydrates. 
Tables 1 and 2 show that this is increased after administration of adrenalin. 
The apparent contradiction between these results and those of Courtice, 
Douglas and Priestley might be due to the assumption which those authors 
apparently made: that the RQ at start and at end of their work should be 
the same. This might be the case with easy work corresponding to 210 
kgm. per min. It is very improbable in work carried on at the rate of 700 
kgm. per min. (We have never observed a constant RQ in subject A 

TABLE 3 


Acetone bodies in blood calculated as milligrams of acetone per 100 cc. 



SUBJECT A 

SUBJECT W 

Immediately 
after work 

Thirty minutes 
later 

Immediately 
after work 

Thirty minutes 
later 



Urine 

Blood 

Urine 

Blood 

Urine 

Blood 

Control 

0 

1.0 

{+) 

2.8 

+ 

3.8 

+ + + 

6.8 

Adrenalin 

0 

0.6 

-f 

1.9 

(+) 

5.2 

+++ 

4.6 

Insulin 

0 

1.7 

0 

2.0 

0 

4.2 

+ + + 

5.2 

Adrenalin and insulin 

0 

1.6 

+ 

0.5 

0 

3.1 

0 

1.2 

Glucose and insulin 

0 


0 


0 


0 


Glucose 

0 


0 


0 


0 



or W, nor in other fasting subjects working at about this rate.) Un- 
fortunately, thej'' do not publish a two-hour control curve for this rate of 
work, but their first three values seem to indicate that there should be a 
slope in the RQ curve as there is in the corresponding curves in our control 
experiments. In such a case there will be no contradiction between the 
two series of experiments. 

It is generally assumed that adrenalin has at least two different effects 
on the carbohydrate metabolism; It accelerates the breakdoAvn of liver 
glycogen into glucose and it increases the transformation of muscle glycogen 
to lactic acid. The first of these processes will cause a rise in the blood 
sugar which in its turn might well evoke a compensatory increased secre- 
tion of insulin. The effect on the RQ might therefore very well be an 
indirect insulin effect. On the other hand, a breakdoivn of muscle glycogen 
will give rise to an increased concentration of lactic acid, and the removal 
of this, by partial or total combustion in muscles or liver, will raise the RQ. 
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A mcrel}^ passive increase in the comljustion of carbohydrates the 
muscles caused by the higher blood sugar level seems ver 3 >' unlikely in view 
of the experiments of Christensen and Hansen (1939) and others. The 
lack of simple dependence between carbohydrate oxidation and blood sugar 
concentration is proved by the increase in RQ after insulin, when the blood 
sugar is lowered (fig. 2). 

The effect of insulin on the carbohydrate metabolism during work can 
be divided into 1, a direct effect on liver gl 3 '^cogen, blood sugar, and on the 
.sugar oxidation in the muscles, and 2, an indirect effect on the muscle 
gl.ycogcn and the lactic acid concentration. This second effect can be 
suppressed if glucose is given simultaneously^ in such a waj’^ as to prevent 
too largo a fall in the blood sugar concentration (fig. 4). It might therefore 
well be assumed that the low blood sugar can evoke an “emergencj’’” 
secretion of adrenalin (or pituitaiy hormone), which causes the break- 
dowm of muscle glj^cogen into lactic acid. This explanation will account 
for both the increased lactic acid concentration and the verj^ high values of 
RQ in figure 2 shortty after the injection of the insulin. The combined 
effect of adrenalin and insulin is practically the sum of their single effects 
(compare with Courtice, Douglas and PriestlejO- It is remarkable that 
the blood sugar sta 3 ^s low and the lactic acid relatively high for a longer 
time than thej' would after a single injection of either hormone. The 
increased RQ might be due to both an increased oxidation of sugar and of 
lactic acid. 

Since glucose and insulin given simultaneouslj’’ have no effect on blood 
lactate and — at least in W — little effect on blood sugar, the increase in the 
RQ in this case depends on the direct effect of insulin on carbohydrate 
oxidation. While glucose alone in our two subjects increased the blood 
sugar but slightlj’-, the RQ declined less than usual during the work. 

The ketonuria found one-half hour after the end of the work corresponds 
to the ketonuria which Courtice, Douglas and Piiestlej'^ found in their 
investigation. ^Vhile the organism has in msulin a veiy effective and fast- 
working hormone for restoring mobilized carboh 3 ’’drate, the removal of 
acetone bodies apparently has to be effected ly complete oxidation. 
Under the conditions of our exTJeriments acetone foimation did not exceed 
its rate of oxidation so long as work was going on, but when work stopped 
formation exceeded removal, blood acetone concentration increased, and 
some .spilled over in the urine. It is worth emphasizing that the state- 
ment frequentlj'^ found in textbooks that adrenalin impairs the carbo- 
h 3 ’’drate utilization does not apply to exercise. This idea was based on the 
erroneous report that blood acetone increases after adrenalin (compare 
Dill, Johnson and Daly, 1939). 

A comparison of the here-mentioned effects of an injection of adrenalin 
with the effects of an injection of insulin on blood compounds and RQ 
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during work shows that onlj’- their ef¥ect on the blood sugar seems to be 
different. Adrenalin and insulin given simultaneous!}’’ have no pronounced 
effect on the blood sugar, and an antagonism between the two hormones 
with respect to the blood sugar regulation is also commonly assumed. 
As the insulin, when glucose is given simultaneously so that a deep fall 
in blood sugar is avoided, does not affect the blood lactate, it is reasonable 
to assert that this effect of insulin is indirect, caused by an “emergency” 
secretion of adrenalin. The rise in RQ after insulin is, no doubt, due to a 
direct effect of insulin on the carbohydrate utilization, whereas the cor- 
responding effect of adrenalin might be interpreted othenrise; the removal 
of lactic acid is certainly accompanied by an oxidation of at least a part 
of the produced lactic acid, and this might cause the rise in the RQ found 
after injection of adrenalin. 


SUMMARY 

The effect of injection of adrenalin, insuhn, or both, and of administra- 
tion of glucose orally on the carbohydrate utilization during muscular exer- 
cise has been studied in two normal subjects. Compared with control 
experiments without injections the effect 1, of adrenalin was: increased 
RQ, blood sugar, and blood lactate; 2, of insulin: increased RQ, decreased 
blood sugar, increased blood lactate; 3, of adrenalin and insulin simul- 
taneously: increased RQ, small fluctuations in the blood sugar level, in- 
creased blood lactate; 4, of glucose: increased RQ and blood sugar, no 
changes in blood lactate; 5, of glucose and insulin simultaneously: increased 
RQ, fluctuations in blood sugar, no changes in blood lactate. Neither 
hormone showed any effect on the blood acetone. The increased RQ 
folloMung the injection of either hormone must be taken as a sign of in- 
creased carbohydrate combustion. 
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In a previous communication an indirect method for estimating the 
total chloride content of animals following the administration of sodium 
bromide Avas described (1). Attention Avas directed to the obseiwation 
that AA'ithin a giA’^en species of animal no inconsiderable A'^ariation in the 
chloride content per kilogram body Aveight might occur. Of the probable 
reasons for this A’^ariation in total chloride content, one possibility — 
namelj’’, that the A'^ariation in total chloride might be related to A’ariations 
in total fat content — seemed cspeciallj’’ Avorthy of further inA'estigation. 

It was considered probable that since fat may contribute considerablj’' 
to the body AA'eight of an animal and but insignificantly to the chloride 
content of the animal, all normal animals of a giA’^en species might be found 
to contain essentially constant quantities of chloride for each kilogram 
body weight proAuded the weight AA'as expressed on a fat-free basis. 

The experiments to be reported were undertaken primaril}’^ to test this 
hypothesis. Moreover, it Avas felt that further infoimation on the total 
Avater and total fat content of dogs, as of necessity directly deteiminedin the 
course of this work, Avould be desirable. 

Methods. This study involved determinations of total chloride, total 
water, and total fat content of dogs. 

Determination of total chlonde content. The procedure for deteimining 
the total chloride content of animals has been described preAdousb’" (1). 
Identical methods AA'ere employed in this stud 3 ^ 

Determination of total water and total fat content. FolloA\dng the period 
of equilibration AAuth sodium bromide and AAuthdraAval of the sample of 
blood for analysis, the contents of the gastrointestinal tract Avere remoA’^ed 
and discarded, and the entire animal Avas minced using meat cleavers. The 
minced tissue AAns spread out, single layer deep, in large pans and placed 
into a drying oven maintained at 105°C. for 36 to 48 hours. The difference 
between the initial weight of the animal and the weight of the dried tissue 
permitted calculation of the water content. 

The dried residue Avas then transferred Arithout loss to a large glass 
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.stoppered specimen bottle and extracted successively with ether and al- 
cohol. Four to six days of extraction with each substance were required 
to remove the fat. Dimng this time the ether and alcohol were renewed 
frequentl}' and recovered bj'- distillation. Total fat content was deter- 
mined as the difference in weight before and after fat extraction. 

!■ In these experiments care was taken to select only adult dogs. 

TABLE 1 


Total chloride content of dogs before correction for fat content 


DOG 

[Cl- + Br-] 

1 

[Br-] 

■g 

IC1-] 

MOLs Br- 

XIOLS Cl" 

WEIGHT 

CHLORIDE 


1 mll/liter of serum 

[Br-] 

INJECTED 

CALCULATED 

PER EGM. 

1 

130.5 




0.0677 i 

0.1984 

kilograms 

5.52 

gTams 

1.27 

2 

129.8 





0.1880 ' 

5.15 

1.29 

3 

142.5 

40.0 

102.5 

2.56 I 


0.1735 

4.67 

1.32 

4 

131.7 

31.6 

100.1 

3.17 


0.1884 

5.15 

1.30 

5 

134.0 

38.4 

95.6 1 

2.49 

0.0593 

0.1476 

4.55 

1.15 


TABLE 2 


Total fat, total water and total chloride content of dogs; the corrected values are based 

upon the fat-free body weight 


DOG 

TOTAL FAT 

TOTAL WATER 

CHLORIDE PER KILOGRAM 

Uncorrected 

Corrected 

Uncorrectcd 

Corrected 


per cent 

per cent 

per cent 

grams 

grams 

1 

6.9 

68.2 

73.2 

1.27 

1.37 

2 

13.1 

65.6 

75.5 

1.29 

1.48 

3 

4.8 

69.0 

72.5 

1.32 

1.39 

4 

I 

68.9 

74.2 

1.30 

1.39 

5 

1 14.8 

62.2 

73.0 

1.15 

1.35 

12 

14.7 

62.2 

73.0 




Results and discussion. In table 1 are shown the values for the 
chloride content of a series of dogs estimated from determinations of serum 
chloride and bromide. 

It will be observed that all the animals in this series fall within the range 
previously reported for dogs (1.0-1 .4 gram Cl/kgm. body weight). In 
view of our previous observations that the chloride content might show 
marked variations among dogs, the agreement in chloride content of the 
dogs of the present series was entirely unexpected. Consideration of the 
data presented in table 2, however, leads to the conclusion that this 
agreement is explicable most satisfactorily on the basis of the fat content of 
the dogs. 
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It will be noted in this table, that the values expressing the chloride 
content per kilogram of fat-free bod}'- weight are in essential agreement. 
Furthennore the data .show that even without correcting for body fat 
agreement in chloride content may be expected if the fat content of dogs 
is approximately equal. Thus of the four dogs showing similar chloride 
values before correcting for fat three of the dogs (nos. 1, 3 and 4) were found 
to contain fat in amounts varying onl}' between 5 and 7 per cent. Lack of 
close correlation between fat and chloride content is shown onty by dog 2. 
We are inclined to attach significance to the fact that the corrected water 
content of this animal is higher than that of all the other animals. It 
should be clear that if water retention or edema were present in an animal 
the apparent relationship between fat and chloiide would vanish. 

Of considerable interest is the observation that the total water content 
as directly determined in a series of ten dogs (cf. also table 3) varied onl}’- 
between 60 and 69 per cent with an average of 65 per cent. This agrees 


TABLE 3 

Ratio of skeleton weight to body weight in dogs 


DOO 

-WEIOIIT 

WATEH CONTENT 

FAT CONTENT 

'WEIGHT or 
SKELETON 

SKELETON TVErGHT 
BODV WEIOHTt 


kgm. 

per cent 

per cent' 

grams 

per cent 

14 

5.95 

66.0 

10.1 

333 

6.2 

15 

6.50 

63.4 

13.7 

451 

7.6 

16 

4.97 

68.4 

6.8 

254 

5.5 

17 

5.90 

60.6 

17.6 

376 

7.7 


* Estimated assuming fat-free water per cent = 73.6. 
t Fat-free. 


with the recent findings of Gregersen and Painter (2) who used indirect 
methods for determining water. Particularly striking, however, is the 
slight variation in the corrected water values based upon fat-free body 
weight. Indeed it would seem that approximations of body fat could be 
made from indirect determinations of total bodj’’ water in the normal intact 
animal. 

The basis for the relative constant chloride and water content of fat- 
free normal dogs would seem to lie in a, a relatively constant chloride and 
water content of individual tissues and organs, and h, a relatively constant 
ratio of tissue or organ weight to total body weight. For fat-free striated 
muscle Hastings and Eichelberger (3) have shown in a large series of dogs 
that the water content is 76.5 ± 0.6 per cent. The chloride content of 
striated muscle and blood seimm also was found to varj’- little. Their 
observations taken together with the finding that the total, fat-free, water 
content is constant is presumptive e\'idence that the proportion of various 
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tissue weights to body weight is constant. This conclusion is the more 
probable since the water content of different tissues varies over wide limits 
(4). 

In a series of four dogs a direct determination of the ratio skeleton 
weight: body weight was made. The skeleton was obtained entirely free 
of muscle and connective tissue bj’- placing the partially cleaned bones of 
the animal in a steam macerator. After maceration the remaining flesh 
virtually feU from the bones. The cleaned bones were then fat extracted, 
dried, and weighed. In table 3 are shown the results of these experiments. 

Insofar as the ratio of skeleton to fat-free body weight shows agreement 
in the four dogs the data lend support to the suggested explanation of the 
constancy in chloride and water content. 

CONCLUSIONS 

-Evidence derived from simultaneous determinations of body chloride, 
body fat and body water indicates that the pre\dously reported marked 
variation in chloride content per kilogram body weight in dogs is due, in 
the main, to variations in fat content. Expressed in terms of fat-free bodj’’ 
weight the chloride content of normal dogs varies slightly from the average 
value of 1.4 gram Cl/kgm. body weight. This latter value does not invali- 
date the previously reported average chloride value which was obtained 
on dogs without correcting for body fat. 

The total water content of dogs was found to be 74.0 ± 1.5 per cent of 
the fat-free weight or 64.8 db 4.2 per cent of the total body weight. 

The author wishes to acknowledge the technical assistance of P. L. D. 
Elmore and F. E. Roberts. 
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The action of various snake venoms on isolated frogs hearts has been 
studied by many investigators. Cobra venom has been so studied by 
Elliott (1901), Gunn (1912), Cushney and Yagi (1918), Gunn and Heath- 
cote (1921), Meurling (1935), and others. Magenta (1922) studied the 
effects produced by venoms from fifteen species of poisonous snakes, by 
the Straub method. Unfortunately his results are published in such 
abbreviated form that the effects of indiwdual venoms cannot be deter- 
mined. 

Among the vePoms Magenta used was that of the water moccasin, 
Agkistrodon piscivorus Lac4p^de. The action of the venom of this species 
of snake has also been studied by Essex and Markovdtz (1930), and bj*- 
Essex (1932), using hearts of rabbits. When a Ringer-Locke perfusion 
fluid to which dried venom was added to make a final dilution of 1 : 250,000 
to 1:500,000 was used, the hearts were incapacitated in ten to fifteen 
minutes, indicating a much greater cardiac toxicity than is possessed by 
the venom of the timber rattlesnake, Crotalus horridus. In view of the 
small amount of study of the water moccasin venom, the author deter- 
mined to investigate the venom, especially because of the frequent state- 
ment that this venom is essentially similar to that of the North American 
rattlesnakes, e.g., Noguchi (1909), Essex and Markowitz (1930), Essex 
(1932). 

In all experiments, isolated hearts of spring or summer frogs were used. 
A modified Straub method, “constant drip,” was necessaiy. The modifi- 
cations were: 1, arrangement of the reservom containing the perfusion 
fluid so that a constant stream of fluid ran into the cannula; 2, a cotton 
wick at the upper end of the cannula, which prevented formation of a 
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large meniscus, with consequent alteration of the diastolic filling; it also 
distributed the ovei-flow evenly over the exterior of the heart. The rate 
of flow of the perfusion fluid was such that one or two drops were ex- 
pelled at each systole. 

The venom was collected in the latter part of the summer of 1938, 
the well-known method of "milking.” The collected venom was dried 
under an electric fan, ground in a mortar and the various batches mixed 
to form the stock dry venom. The stock represented ten milkings from 
twenty-eight snakes. Mitchell and Reichert (1886), and Macht (1933 
and 1937) have shown that any alteration in such dried venoms is in the 
direction of some loss in potenc 3 ’', if there be any change. 

The pei-fusion fluid used in all experiments was Ringer solution of the 
following composition, expressed in millimoles per liter; NaCl 112.20, 
KCl 1.88, CaClo 1.04, NallCOa 2.38. To this was added enough weighed 
dry venom to give the desired dilution. 

The contractions of the hearts were recorded on a k 3 Tnograph by means 
of a light heart lever, fastened to the tip of the ventricle by a fine silk 
thread. For each dilution used eight^ hearts were lom. In the control 
group of eight hearts, one failed completely in 180 minutes. This dura- 
tion was considered as maximum in all subsequent ex-periments. In ex- 
periments with venom, the hearts were run in the Ringer solution until 
they had become physiologically constant; at this time the cannula was 
filled with the Ringer-venom solution and the drip started. 

Each record was measured for amplitude of contraction. For each, 
the initial amplitude was arbitrarily considered as ten centimeters, an 
approximation of the actual average amplitude. These results were aver- 
aged for each experimental group, i.e., controls, 1:1,000, 1:10,000, 1:100- 
000, and 1:1,000,000 venom-Ringer solutions. The results are showm as 
figure 1. 

The control hearts run with Ringer solution showed no stimulation and 
a decrease in amplitude of 43 per cent in 180 minutes; the hearts subjected 
to 1:1,000 venom in Ringer showed practical standstill in 18 minutes and 
no stimulation throughout the experiment. When venom was used in a 
concentration of 1 : 10,000 there was a brief period of increased amplitude 
(maximum: 43 per cent; duration; 7 minutes) succeeded by rapid de- 
crease to zero in 24 minutes. The solution of venom 1:100,000 pro- 
duced a maximum increase of 8 per cent; the duration of the stimulating 
action was 17 minutes absolute or 43 minutes when compared with the 
controls. Hearts run with 1 : 1,000,000 venom-Ringer solution showed an 
average maximum stimulation of 11.4 per cent and remained more ef- 
fective than the controls throughout the entire 180 minutes. 

'The group run in 1:100,000 venom consisted of seven hearts. 
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The effects on heart rate of the Ringer solution and the various venom 
solutions are shown in figure 2. The rate of beating of the controls 
remained rather uniform, i.e., 0. Frank’s law was applicable, the changes 



Fig. 1. Average contraction amplitudes of control hearts and those subjected to 
venom-Ringer solution. 



,Fig; 2. Average rates of control hearts and those subjected to venom-Ringer 
solution. 

in rate being in general inversely proportional to the changes in amplitude. 
In 180 minutes the rate of the controls decreased 35 per cent. Marked 
slowing or complete stoppage resulted from the application of 1:1,000 
venom solutions ; partial recovery followed. With 1 : 10,000 venom solutions 
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there was first marked slowing, followed by a slight increase in rate; this 
in turn gave way to rapid failure of contraction. The original slowing 
could be abolished by atropine. In 1:100,000 venom solutions, three of 
the hearts showed initial slovdng, three initial stimulation, and one showed 
rapid failure with no recoveiy. The effect of averaging the results is to 
obscure these effects on the graph. Hearts treated with 1:1,000,000 
venom solution showed in several instances very slight initial slowing. 
There followed great increases in rate in three hearts, moderate increases 
in three, and in two there was little change in rate. 

Shown in figure 3 are the effects of the various concentrations of venom 
on the output of the hearts; the output of the controls is included. The 
curves are the products of the amplitude from figure 1 and the rate from 
figure 2. The measure is relative, but agrees well with several experi- 



Fig. 3. Average output of control hearts and those subjected to venom-Ringer 
solution. 

ments where actual volume changes were measured. Because of the recip- 
rocal relationship between amplitude and rate, the product of the two 
is a more reliable measure of effect than either alone. The output of the 
1:1,000 hearts fell to zero in 20 minutes; that of the 1:10,000 hearts in 
32 minutes and that of the 1 : 100,000 hearts in 120 minutes. The control 
hearts showed a 65 per cent loss of efficiency in three hours; the hearts 
treated with 1 : 1,000,000 venom solution suffered a loss of onl}'^ 20 per cent 
in the same time. TJie first two solutions were severely cardiotoxic; 
the 1:1,000,000 solution was beneficial; the 1:100,000 solution produced 
stimulation, followed by rapid failure. 

The order of failure in the hearts was first the ventricle, then the atria, 
last the sinus venosus. The ventricle stopped in complete contraction in 
most of the hearts. In those treated with high dilutions of venom the 
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contraction was sometimes incomplete; mechanical stimulation induced 
complete contraction. The muscle became whitish and opaque, with a 
“cooked” appearance. The atria failed in wide dilatation. They were 
also opaque. The sinus venosus remained clear and beat for some time 
after failure of the atria and ventricle. 

Dissociation occurred only rarely except in the terminal stage of ven- 
tricular activity, where complete ventricular failure was imminent. This 
is in contradiction to Magenta’s (1922) results. "V^Tien dissociation did 
occur, it was of the type of dissociation with capture. 

Extra systoles were rather common. Muscular irregularities frequently 
occurred, accompanied by local regions of contracture in the ventricle. 
These effects disappeared as the elasticity of the myocardium decreased, 
a constant effect with all venom solutions except the weakest, as shown by 
progressive failure of rebound of the heart lever. 

The venom acted upon the vagal endings or the ganglion cells of the 
heart to produce slowing. This slowing could be almost completelj'' 
abolished by atropine. In several of the hearts, especially those treated 
with high dilutions of the venom, the release from vagal effects was quite 
sudden; in one case the rate doubled in less than one minute. The prob- 
able site of action is the ganghon cells, wliich are first stimulated, then 
depressed. This is in accordance with the stimulation and subsequent 
depression of the myocardium seen above. 

An outstanding effect of the venom solutions was the tremendous in- 
crease in the permeability of the atria. These became so permeable that 
the “constant drip” method was necessary to keep the Straub cannula 
filled. Obviously the endocardium was severely damaged. There ap- 
peared to be no fluid loss through the ventricle, probably because the 
much heavier, more dense muscle prevented fluid escape. 

Because of the many obvious muscular effects and the constant dialyz- 
ing action of the “constant drip,” the author beheves the results to be 
due to direct action of the venom on the myocardium, endocardium, and 
intrinsic gangha, rather than to the action of lysolecithin and histamine 
produced by the action of the venom on the tissues. This view is in 
agreement with that of Essex (1932) and receives correlative support 
from the work on rattlesnake (Crotalus horridus) venom of Dunn (1934) ; 
Essex and Markowitz (1930b); Dragstedt, Mead, and Eyer (1938); and 
from the demonstration of such direct effects of .snake venoms on proto- 
plasm by Lepow (1938) and the importance of the change of lecithin 
into lysolecithin on the properties of surface films as shovm by Hughes 
(1935). The hypothesis that the effects of the venom are caused by the 
lysolecithin and histamine produced, as stated by Belfanti (1925), Magenta 
(1922), Houssay (1930), and Houssay, Negrete, and Mazzocco (1933) 
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seems unnecessarily complex. This aspect of the problem is well reviewed 
by Kellaway (1939). The author believes the venom acts directly and 
that the lysolecithin and histamine are bj^-products of such direct action, 
rather than being the causative agents of the tissue changes. 

Acknowledgment. The author wishes to express his thanks to Prof. 
A. J. Carlson and Prof. E. M. K. Ceiling for their helpful suggestions and 
criticism during the conduction of these experiments. 

SUMMARY 

The venom of the water moccasin, Agkistrodon piscivoms Lac4pede, 
acts directly on the endocardium, myocardium and intrinsic ganglia of 
the isolated frog heart. 

In 1:1,000 concentration, the venom has a depressant action on the 
heart; in 1:10,000 and 1:100,000 concentrations there is preliminary 
stimulation, followed by failure. 

Concentrations of 1:1,000,000 are stimulating; the hearts exceeded the 
efficiency of the controls throughout the experimental period. 

The ventricle failed first; stoppage was usually in complete contrac- 
tion, although with weak venom solutions it might be in partial contrac- 
tion. There were muscular irregularities and contractures with all but 
the weakest solutions. 

The atria were rendered highly permeable, permitting rapid escape of 
fluid through their walls. Failure was in extreme dilatation, occurring 
after that of the ventricle. 

The sinus venosus appeared to be quite refractory to the venom action 
and failed last. 

Dissociation rarely occurred, except in terminal period of ventricular 
action, where it presaged complete failure in short order. 

Stronger venom solutions slow the heart initially by action on the vagus 
mechanism, probably the ganglion cells. This slowing can be almost 
completely abolished by atropine. 

After failure both the atria and ventricle were opaque and whitish; 
they looked “cooked.” 
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The theorj’^ that hypersecretion of adrenalin is responsible for the fall 
in blood pressure in traumatic shock, first proposed by Bainbridge and 
Trevan (1), has not been ^v^dely accepted. In recent years, this theorj!- 
has been revived by Freeman (2) and Cannon (3). Since Lorber, Kabat 
and Welte (4) have confirmed the importance of the nervous factor in 
traumatic shock, it seemed possible that reflex hyperactivity of the sympa- 
thetic nervous system might be the mechanism bj’- means of which afferent 
nerve impulses produce shock. The realization that the evidence support- 
ing the adrenahn theory was of an indirect character, not having involved 
experiments on animals in shock, prompted an investigation of the role 
of adrenalin in shock. 

I, Traumatic shock resulting 'primarily from afferent nerve impulses. A 
simple technique was devised to produce traumatic shock, involving pri- 
marily the nenmus factor. Cats were anesthetized mth chloralose in 
doses of 80 mgm. per kilogram of body weight administered intravenousl 3 ^ 
The hair on the hind legs and lower abdomen was removed and these 
regions were tightly wrapped \rith adhesive tape. The leg to be trau- 
matized was bandaged with two layers of adhesive tape and, foUoMng 
trauma, another layer of tape was added. The pelvis was bandaged to 
the level of the fifth lumbar vertebra. The leg was then maintained in 
moderate elevation to facilitate venous return. By these simple pro- 
cedures, it was possible to minimize local fluid loss in the traumatized limb. 
Blood pressure was recorded continuously on a kymograph by means of 
a mercury manometer connected to a cannula in the common carotid 
artery. Chlorazol fast pink, injected into the tubing just above the 
cannula in 0.5 cc. quantities every half hour, was used as the antico- 
agulant (5). In all experiments, tracheotomy was performed and the air- 
way inspected repeatedly to be certain that it was clear. 

Trauma consisted of 100 blows to the hind leg, which were sufficient to 
produce multiple fractures of the long bones. The course of the changes 
in blood pre.ssure follo^ving trauma is illustrated in figures 1 and 2. In 
most instances, the blood pressure rose sharply during trauma. Following 
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this, the blood pressure fell in everj’- experiment, finally resulting in the 
death of the animal. In eight experiments, the average survival follomng 
leg injury was 2| hours, while the range of survival was 70 minutes to 
longer than 7 hours. After termination of the experiment and an autopsy, 
the tape was removed and the hind quarters carefully separated and 
weighed to determine the local fluid loss (6). The average fluid loss in the 
traumatized limb was 0.65 per cent of the lDod 3 '' weight with a range from 
zero to 1.85 per cent of the bod\’- weight. There was no significant relation 
between the magnitude of the fluid loss and the duration of survival. The 
loss of fluid was small enough in relation to the total blood volume in most 
instances so that the local fluid loss could be considered of little significance 
in the etiology of the shock in these experiments (7). 

In order to be certain that the nerve impulses from the traumatized 
limb constituted the essential factor in the production of shock, three 
control experiments Avere performed. Fluid loss was minimized bj’' band- 
aging the limbs Avith tape, Avhile the nervous factor AA^as eliminated bj^ 
acute section of the spinal cord at the level of the first lumbar vertebra. 
Trauma in these animals failed to produce shock or even a significant fall 
in blood pressure. In one cat, the blood pressure initially Avas 131 mm. Hg 
and eight hours after trauma, at Avhich time the experiment Avas terminated, 
Avas 122 mm. Hg. In another experiment, the blood pressure at the be- 
ginning was 142 mm. Hg and the final blood pressure seven hours after 
trauma Avas 120 mm. Hg. In the third cat, blood pressure at the start 
Avas 132 mm. Hg and 4j hours later Avas 136 mm. Hg, when the pressure 
fell suddenly to zero and the animal died of masswe hemorrhage at the 
site of the cord section. These experiments indicate that toxic factors are 
not paramount in the etiology of this tj’^pe of traumatic shock and that 
elimination of significant local fluid loss and of nerAm impulses from the 
site of injury preA’ents the development of shock. 

It has also been possible to confirm the results of Lorber, Kabat and 
Welte (4), Avho emphasized the relationship of the depth of general anes- 
thesia to the susceptibility of the animal to traumatic shock. In this 
e.xperiment, only 33 mgm. per kilogram of chloralose AV’^as administered. 
After a fairty rapid fall of blood pressure to shock leAml, the pressure rose 
graduallj’^ but steadily OAmr a number of hours. About four hours after 
trauma, an additional 33 mgm./ kilo of chloralose AA'^as administered in- 
travenously, and from then on the blood pressure fell rapidly and the cat 
expired Avithin an hour. The fluid loss into the traumatized limb Avas 
negli^ble. Since the total dose of chloralose in tliis experiment was still 
below the usual anesthetic dose (onl}’^ 67 mgm./kilo), one can only conclude 
that the administration of the anesthetic folloAAing trauma greatly 
increased the susceptibiUty of the animal to traumatic shock. 

II. Pressor effects of physiological doses of adrenalin in the course of shock. 
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In eight cats under chloralose, mtli fluid loss minimized as described above, 
adrenalin was injected intravenously about every fifteen minutes before 
and after trauma to the hind leg. The external jugular vein was can- 
nulated and connected to a burette containing warm Uinger’s solution. 
Adrenalin in doses of 0,005 mgm. or 1/20 cc. of 1 :10,000 solution was in- 



Fig. 1. Influence of adrenalin on traumatic shock (expt. 4). The solid line repre- 
sents the effects of trauma on the blood pressure. The lower broken line represents 
the rise in blood pressure produced by intravenous injection of 0.005 mgm. of adre- 
nalin at regular intervals. The upper broken line with crosses represents the level to 
which adrenalin elevated the blood pressure. The arrow indicates the time of 
trauma. Fluid loss in the injured limb was 0.8 per cent of the body w'eight. 

Fig. 2. Influence of adrenalin on traumatic shock (expt. 7). The solid line repre- 
sents the effects of trauma on the blood pressure. The lower broken line represents 
the rise in blood pressure produced by intravenous injection of 0.005 mgm. of adre- 
nalin at regular intervals. The upper broken line vdth crosses represents the level to 
which adrenalin elevates the blood pressure. The arrow indicates the time of 
trauma. Fluid loss in the injured limb was 0.5 per cent of the body weight. The 
marked rise in blood pressure before death was spontaneous. 

jected into the rubber tubing just above the cannula with a 1 cc. tubercuUn 
syringe and was then washed in with 5 cc. of Ringer’s solution. 

The most striking finding was the sudden marked decrease or cornplete 
disappearance of responsiveness to adrenalin just before death. This was 
observed in every experiment which resulted in fatal shock (figs. 1, 2). 
This marked decrease in I'esponsiveness to adrenalin was usually evident 
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ivithin 12 minutes of a good response to the drug and in one case was seen 
six minutes after an excellent response. The cats died 2 to 14 minutes 

TABLE 1 . 


Terminal loss of responsiveness to adrenalin 


EXPERIMENT 

TIME 

BLOOD 

PRESSURE 

BEFORE 

BLOOD 

PRESSURE 

DURING 

ADRENALIN 

RISE IN 
BliOOD 
PRESSURE 

REMARKS 

■■ 

2:27 

77 

108 

31 


■■ 

2:45 

62 

62 

0 


1 

2:55 

0 



Death 


3:15 

92 

131 

39 


0 < 

3:30 

88 

108 

20 



3:40 

56 

56 

0 


K 

3:45 

0 



Death 

f 

10:11 

60 

106 

46 


3 

10:20 

66 

66 

0 


1 

10:24 

0 



Death 


4:35 

54 

175 

129 

■ 


4:45 

62 

138 

76 



4:55 

50 

75 

25 


1 

5:00 

0 



Death 


6:27 

85 

153 

68 



6:40 

75 

75 

0 

Blood pressure continues to 

<5 





fall 


6:41 

58 

Less 

0 



6:42 

0 



Death 


4:45 

16 

95 

79 



4:46 

42 



Spontaneous increase in 






blood pressure 


4:48 

108 



Marked retraction of n.m. 

7 





and dilatation of pupils 


4:51 

22 

24 

2 



4:52 

18 

25 

7 



4:58 

30 

42 

12 



5:05 

0 



Death 


7:47 

108 

152 

44 


R « 

8:07 

108 

143 

35 



8:20 

79 

99 

20 



8:23 

0 



Death 


after the failure of adrenalin to elevate the blood pressure. The data on 
this terminal loss of responsiveness to adrenalin are presented in table 1. 
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It is interesting to note that the level of blood pressure at the time of failure 
of the adrenalin response varied from 75 to 22 mm, Hg. Another in- 
dication that the level of blood pressure did not determine the respon- 
siveness to adrenahn is the observation that an e-xcellent response to the 
drug was obtained at a blood pressure of 16 mm. Hg while a significantly 
decreased response was noted at a pressure of 88 mm. Hg. 

A point of considerable interest is the fact that a slight or marked 
spontaneous rise in blood pressure immediately preceded the sudden de- 
crease in responsiveness to adrenalin in some cases (figs. 1, 2). For some 
time before this, the blood pressure had been falling rather steadily. This 
sudden brief terminal rise of blood pressure was noted in three of the seven 
experiments which terminated fatally (3, 4, 7, table 1). The nictitating 
membranes, which had been quite relaxed throughout the post-traumatic 
period, contracted completely at the time of tliis brief rise of blood pressure. 
The pupils were also obsenmd to become widely dilated at this time. The 
nictitating membranes then remained completely contracted and the pupils 
dilated until the cat expired. Terminal contraction of the nictitating 
membranes and dilatation of the pupils Avas a feature of all cases of fa- 
tal shock. 

Excluding the terminal failure of adrenahn to affect the blood pressure, 
the magnitude of the elcA’-ation of blood pressure resulting from adrenalin 
administration was greater during shock than before trauma. As the 
blood pressure fell Avith developing shock, the rise, induced b}’’ adrenalin, 
became progressively'’ more marked (fig. 1). Also, the more rapid the fall 
of blood pressure, the sharper the increase in magnitude of the adrenalin 
response (figs, 1, 2). In cases AA'here there Averc significant fluctuations in 
the blood pressure record folloAAing trauma, the changes in the adrenahn 
response generally bore a reciprocal relation to the changes in blood 
pressure. 

An examination of the absolute level to Avhich the blood pressure rose 
as a result of adrenahn administration is also of interest. In two experi- 
ments, the level to AA'hich adrenahn elevated the blood pressure AV'as higher 
for a time during shock than before trauma (fig. 1). In two other experi- 
ments, the level of adrenahn elevation feU sharply soon after trauma and 
Avas far beloAV the pre-traumatic level throughout shock. In still other 
instances, the level of blood pressure attained folloAving adrenahn injection 
decreased gradually and to a moderate extent in the course of shock (fig. 2). 
There AA'as also a definite tendency for fluctuations in blood pressure to be 
accompanied by fluctuations in the leA'^el of adrenahn elevation in the same 
direction (fig, 2). 

Discussion, Cannon (3) proposed that hyperactiA'ity of the sympa- 
thetico-adrenal system excited by sensory nerve impulses is an important 
factor in traumatic shock. This theory Avas based in part on the aa'cH 
knoAA'n clinical observation that cold, pain and fear, all of which have been 
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sho\STi to stimulate the sympathetic nervous system, tend to intensify shock 
follovdng trauma. It was also based on experiments which indicated that 
hyperadrenalinemia or continuous strong stimulation of the sympathetic 
system was capable of decreasing blood volume and lowering blood pres- 
sure significantly. It was assumed that prolonged, marked arteriolar 
constriction causes shock as a result of fluid loss on the basis of capillary 
anoxia and consequent increased permeabihty. 

While earlier experimenters had succeeded in producing fatal shock by 
injections of this hormone, they used massive doses beyond the physiolog- 
ical range. For example, Erlanger and Gasser (8) working on dogs, 
injected 6 to 11 mgm. of adrenafin in 21 to 29 minutes and repeated this 
several times. This greatly exceeds the 0.0032 to 0.0037 mgm. per kilo- 
gram per minute reported by Cannon and Rapport (9) to be the maximum 
physiological secretion of adrenalin in response to afferent stimulation. 

Freeman (2) studied the effects of continuous injection of physiological 
amounts of adrenalin on blood volume and blood pressure. Continuous 
intravenous administration of 0.001 to 0.006 mgm. per kilogram per minute 
of adrenalin to cats imder dial over a period of two hours resulted in a rise 
in blood pressure at first from 140 to 210 mm. Hg followed by a fall to 180 
mm. Hg. After stopping the injection, the arterial pressure fell to 100 mm. 
Hg. The average decrease in blood volume, measured by means of 
brilliant vital red in nine cats subjected to continuous intravenous adre- 
nalin was 14 per cent. On the other hand, after ergotoxine, adrenalin 
injection no longer affected the blood volume. 

These experiments do not constitute con^dncing e'sddence that hyper- 
adrenalinemia may play a role in the production of traumatic shock. The 
decrease of blood volume reported is quite small. Moreover, it must be 
pointed out that during the injection of adrenalin the blood pressure re- 
mained higher than normal and only fell, and to a moderate extent, follow- 
ing ndthdrawal of the hormone. Also, results of a similar investigation 
by Hamhn and Gregersen (10) are contradictor^’' to those of Freeman. 
Continuous injection of adrenalin in unanesthetized cats increased the 
blood volume. Furthermore, nembutal anesthesia resulted in a 10 per 
cent increase of blood volume. While adrenafin administration to cats 
imder nembutal produced a decrease in blood volume, the volume did not 
fall below the pre-anesthetic level. In an ingenious experiment, Prohaska, 
Harms and Dragstedt (11) failed to produce shock by continuous intra- 
venous injection of physiological quantities of adrenafin for as long as two 
weeks in unanesthetized dogs. 

There remains the evidence presented by Freeman (2) that physiolog- 
ical hyperactivity of the sympathetico-adrenal system results in a signifi- 
cant decrease of lilood volume and blood pressure. Hyperactivity of the 
sjunpathetic nervous system was produced by acute decortication of cats, 
resulting in “sham rage”. In eight experiments, the blood pressure fell 
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from 137 to 55 mm. Hg in 90 minutes. The average decrease of blood 
volume in fifteen experiments was 21.9 per cent. This fall of blood pres- 
sure and blood volume in the pseudo-alfective state was prevented by 
preliminary sympathectomy or administration of ergotoxine. 

Our own ex'periments on the pressor effects of adrenalin in traumatic 
shock provide no support to the sympathetic hyperactivity theory. One 
would expect that if a persistent marked vasoconstriction were present 
during shock, the influence of adrenalin on the blood pressure would be 
very greatly reduced or absent. On the contrary'-, during almost the entire 
post-trarunatic period, the rise of blood pressure resulting from adrenalin 
was greater than normal. The view that sympathetic hyperactivity is 
not a feature of shock produced primarily'- by- afferent nerve impulses 
(except terminally) is also supported by the obser^’^ation that the nictitating 
membranes were quite relaxed and the pupils of normal diameter during 
the course of shock. This does not rule out the possibility that sympa- 
thetic hyperactivity may play a r61e in shock following hemorrhage or 
fluid loss (12, 13). 


SUMMARY 

1. Trauma to a hind limb in which local fluid loss was minimized re- 
sulted in fatal shock in 2^ hours. 

2. Shock was effectively’" prevented in such experiments by preliminaiy 
transection of the upper lumbar spinal cord. 

3. Adrenalin produced a greater rise in blood pressure during shock 
than before trauma, except just befox-e death, when the response of blood 
pressure to adrenalin suddenly disappeared. 

4. No evidence was found to support the theory that hy^peractivity of 
the sympathetic nervous system is responsible for the type of shock result- 
ing primarily from afferent nerve impulses. 
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Stimulation of stmipathetic nerves diminishes or stops the spontaneous 
movements of some visceral organs. For an understanding of this in- 
hibitory effect it is important to know the changes in the functional state 
of visceral muscles produced the nerve impulses. Experiments relating 
to this question, performed mainly on uterine muscle from the cat, will be 
reported in this paper. 

A complication was introduced into these studies by the observation 
that the responses of the uterus to nerve stimulation were often diphasic, 
the inhibition being preceded by an excitatory action. Such responses 
haA’e occasionally been observed before, but a more careful analysis 
suggested that they are the general type of response of the uterus to nerve 
stimulation. 

No particular significance has hitherto been attached to such diphasic 
responses because it was accepted that the hypogastric nerve contains 
motor as well as inhibitory fibers. Various observations made it im- 
probable, however, that the diphasic responses are due to specific excitatory 
and inhibitoiy fibers in the extrinsic nerves of the viscera. An attempt 
will be made in this paper to explain the experimental facts on the as- 
sumj^tion that excitation and inhibition are two phases of the action of 
the same nerve impulses and that the character of the muscular responses, 
the preponderance of any one of these phases, is determined by the func- 
tional condition of the muscle. 

Methods. Cats under nembutal anesthesia were used in most experi- 
ments. Because uterine muscle is excitable electrically only during estrus 
(1), the animals received injections of theelin (500 int. units in oil at inter- 
vals of two daj's) for a few days before the experiment. One uterine horn 
was freed from the surrounding tissue and attached to an isometric lever. 
A firm ligature was tied around the other horn close to the body of the 
uterus. For the direct stimulation of the uterus, condenser discharges 
(7 p F) were used. Cotton Avicks soaked in Ringer’s solution served as 
stimulating electrodes. 
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Uterine and intestinal strips were prejjared as described previously (1). 

The contractions of the small intestine of the cat and dog were recorded 
bj' a balloon and mei'cuiy manometer. 

Results. Theoretical I3' it would .seem possible that inhibition of an 
automatically contracting organ can be pi’oduced bj' two changes within 
the muscle: 1, an interference with the mechanism responsible for the 
initiation of imi)ulses; 2, a decrease in excitability, blocking muscular con- 
duction. These possibilities will be tested in the expenmen ts described 
below. 

A. Exciiabiliiy. In the non-pregnant cat, stimulation of the hypo- 
gastric nerve, or adrenaline injected intravenously, completel}' inhibits 
the motilit}’’ of the uterus (cf. 10, 17). During inhibition the electric 
excitabilitj' as determined b}^ the threshold foi- single electric shocks was 
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Fig. 1. Motility of the cat’s uterus recorded bj' an isometric lever. During 
contraction, downward movement of the lever. Signal: stimulation of the hypo* 
gastric nerv'e (frequenej' about 20 per sec.). The excitabilit 3 ' of the uterus was 
tested bj' stimulating the muscle directlj' with single condenser discharges (indicated 
ly arrows). The numbers on the arrows are the voltages applied. Long arrows 
indicate ineffective stimuli. In B, the uterus became completclj" non-c.\ci table 
during inhibition, in A weak responses were still elicited Iw strong stimuli. The 
experiments show a gradual rise in excitabilitj’^ following the cessation of nerve 
stimulation. 

dimini.shed or completelj’’ abolished (25 ob.scrvations on 8 cats, fig. 1, 
A, B). Also the excitabilitj' for mechanical stimuli, tested b.y tapping the 
uterus with a blunt instrument, disappeared during stimulation of the 
hypogastric nerve. 

These observations were confiiTned in experiments on isolated uterine 
muscle. B}’’ the application of a few drops of adrenaline 1 : 500,000 the 
excitability of uterine strips, taken from animals in incomplete cstrus 
(theelin injections for 4 days), was complete!)'' aboli.shcd and returned to 
normal within about 10 minutes. If the strips were taken from animals 
in full estrus (obtained by injections of theelin for 5 days) excitability 
was also diminished by adrenaline, but not completel)’’ aboli.shed. 

Similar re.sults were obtained for intestinal muscle. Strips of the rabbit's 
.small intestine which had been mounted in a moi.st chamber one-half to 
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ouc hour previousl.y, were used. Such preparations, after they had become 
quiescent, responded to electric shocks by a contraction conducted over 
the entire muscle (2). Adrenaline 1:10® raised the threshold 3 to 4 
times and blocked conduction. Strong electric shocks still elicited local 
responses near the cathode. 

In the isolated ureter of the cat and guinea pig, on the other hand, adre- 
naline increased electric excitability. Confirming previous observations 
(9), adrenaline also speeded up the conduction of peristaltic waves and 
often induced contractions. 

In uterine muscle the effect of adrenaline varies in different species and 
under different phj^siological conditions. During estrus, adrenaline raised 
the threshold in guinea pigs only in about half the animals tested. The 
preparations never became non-excitable and in some there was no detect- 
able effect. In two out of the ten animals tested, adrenaline produced a 
weak contraction. In the rabbit and in the pregnant cat a strong con- 
traction was always produced under the same condition. These species 
differences run closely parallel with the well known differences in the 
responses to sj^pathetic nerve impulses (cf. 10, 16). 

It becomes evident from these facts that adrenaline imitates both the 
excitatory and inhibitory effects of sympathetic nerve impulses. Observa- 
tions which will be reported below confirm this conclusion. 

B. Diphasic responses. In the cat’s uterus a weak contraction preced- 
ing inhibition was previously found during the early stages of ])regnancy 
(12) and rarely also in non-pregnant animals (5, 19). It was thought that 
in the non-pregnant cats in which this type of response was observed, the 
uterus had not completely returned to the resting .state following a preg- 
nanc}’’, but no anatomical evidence for this as.sumption was found. 

However the following observations (16 cats) .show that, under suitable 
conditions, dipha.sic responses of the uterus can be obtained in every non- 
pregnant cat. During estrus, induced by injections of theelin, the move- 
ments of the uterus often, particularh’^ in large animals, consist of power- 
ful contractions separated by long intervals of rest. Stimulation of the 
hypogastric nerve, then, always elicited a strong contraction, followed by 
complete relaxation during ivliich the muscle was unresponsive to further 
nerve stimulation (fig. 2A). 

In smaller animals the uterus usuallj’' was in a state of tonic contraction 
on which onlj”^ slight rh 3 Thmic contractions were superimposed. In this 
case stimulation of the hjqiogastric nerve alwaj’s produced an initial 
contraction (fig. 2B). 

The magnitude of the initial excitatoiy effect depends largelj^ on bodj* 
temperature. At normal temiierature the effect sometimes could not be 
demonstrated clearlj", but it was alwaj’S observed, and markedlj’ increased, 
after the bodj^ temperature was lowered to 33° to 36°. In some cases the 
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excitatory effect was the most prominent part of the response and inhibi- 
tion followed only after prolonged stimulation. 

The initial contraction occurred without anj' noticeable delay and direct 
observations showed that it began simultaneou.sly with a blanching of the 
oigan. This fact excludes (he possibility that the contraction resulted 
from asphyxia duo to vasoconsti-iction. 

Diphasic responses to stimulation of the hypogastric nerve have been 
described also in other species. It was found b}' Cushny (4) in the rabbit, 
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Pig. 2. Contractions of the cat’s uterus in situ. The records show the initial 
contraction due to stimulation of the hypogastric nerve (A and B) and adrenaline 
(C and D). 

A, uterus fully relaxed. Tlie first upward movement of the lever is due to the 
contraction of the urinary' bladder. 

B, weak rhythmic contractions are increased by nerve stimulation (time intervals 
6 sec.). 

C, two injections of adrenaline (20 7), time of injection indicated by signal. 

D, responses to adrenaline (20 7), time of injection indicated Iw upper sign.al. 
Time intervals in seconds. Because of the strong spontaneous contractions re- 
sponses to single injections of adrenaline could not be demonstrated with certainty, 
but a second injection gave a contraction before a spontaneous contraction would 
have occurred. 

and bj' Langlc}' (13) in the dog (2 animals). These observations and the 
experiments just reported on the non-pregnant cat, where a purelj' 
inhibitory action of the sympathetic had been accepted, make it probable 
that diphasic responses occur more frequently than generally assumed. 
Therefore, contraction followed bj’^ inhibition may be considered as the 
general type of response of the uterus to sj^mpathetic nerve impulses. 
The well known variations in the effects of nerve stimulation thus appear 
merely as quantitative differences in the magnitude of the excitatory and 
inhibitor\’^ phase of the response. 
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The diphasic responses are generally (cf. 10, 17) explained On the assump- 
tion that the hypogastric nerve contains excitatory and inliibitory nerve 
fibers. On the basis of the theory of chemical transmission of nerve im- 
pulses it appears logical to assume that these antagonistic nerve fibers are 
adrenergic and cholinergic (cf. 17). However atropine, even in concen- 
trations man}'; times greater than necessary for blocking the vagus, did 
not change the responses of the cat’s uterus (in confirmation of Ken- 
nard’s observations (12) on the pregnant uterus). Furthermore it is well 
knovm that in animals where s 3 Tnpathetic nerve impulses have an excit- 
atory action also adrenaline increases motility. It is, therefore, probable 
that the excitatory as well as the inhibitory action of sympathetic nerve 
impulses is due to adrenergic fibers. 

It is particularly significant that adrenaline alone, injected intravenously, 
can elicit diphasic responses. In every instance the action of this drug, 
whether it was purely inhibitory or diphasic, agreed closely with the effects 
produced by stimulating the hypogastric nerve (fig. 2). These facts do 
not exclude the possibility of a supply of cholinergic fibers to the uterus, 
but such fibers, if they exist, do not determine significantly the nature 
of the responses. 

In agreement mth the results of Kennard (12) on the pregnant uterus, 
the inhibitory phase often, but not always, was more prominent after 
injection of adrenaline than after nerve stimulation. This difference may 
be explained by the different rate at which the concentration of adrenaline 
rises in the muscle and does not indicate an essential difference in the 
responses. On the basis of the theory which will be presented below it may 
be expected that the initial contraction is the smaller the more rapidly the 
concentration of adrenaline rises within the musculature. 

Diphasic responses produced by adrenaline have also been observed in 
the dog (20) and monkey (11). 

To reconcile the fact that adrenergic nerve fibers, or even adrenaline 
alone, can produce in the same muscle excitation as well as inhibition, with 
the theory of specific excitatory and inhibitory nerve fibers, it becomes 
necessary to suppose that the antagonistic effects occur at different regions 
of the muscle. Kennard assumed that the excitatory and inhibitory action 
is due to the formation of two different kinds of sympathin liberated in 
different regions of the muscle. However this hypothesis disagrees with 
the fact that on continuous stimulation the initial contraction is followed 
by complete inhibition and that the muscle remains unresponsive there- 
after for one minute or longer (fig. 2). 

In view of the apparent impossibility of separating the excitatory from 
the inhibitory effects of sympathetic nerve impulses it seems worth while 
to consider the possibility that these effects represent two phases of the 
action of the same nerve impulses. 

As stated above, inhibition may conceivably be brought about by one 
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or both of two changes: 1, interference with the processes responsible for 
the initiation of the impulses, like the depression of the pacemaker of the 
heart; 2, a decrease in excitability resulting in a block for muscular conduc- 
tion, as demonstrated for cardiac and visceral smooth muscle. 

Experimental evidence indicates that these two changes are essentially 
independent from one another. In the heart it has been shown that the 
initiation of beats is not deteimined by the level of electric excitability 
of the pacemaker (6) and, consequently, the slowing of the beat produced 
by vagal impulses cannot be considered as an effect secondary to the de- 
crease in excitabihty. Furthermore it has been found that acetylcholine, 
although lowering the excitability of cardiac muscle (cf. 8) has only an 
inotropic and no chronotropic action on the pacemaker if applied in low 
concentration (7), showing that these two changes are separate effects 
of vagal stimulation. 

Similar evidence was obtained for intestinal muscle. Adrenaline, al- 
though it decreases the excitability of the muscle, never diminishes the 
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Fig. 3. Action potentials from the small intestine of the rabbit in situ. A, normal 
pendular movements: B, after intravenous injection of 15 y adrenaline. 

frequency of the movements, provided that the concentration of the drug 
is not high enough to stop the movements entirely. 

Adrenaline diminishes the number of impulses discharged during each 
contraction (fig. 3). This effect is responsible for the decrease in the 
amplitude of the movements. It can be explained by the lowering of the 
average level of excitability, which cuts short each burst of impulses sooner 
than would normally occur. 

The diphasic responses can be explained as follows. On the basis of the 
observations just reported it appears reasonable to assume that sympa- 
thetic impulses tend to initiate muscular impulses and that, at the same 
time, they lower excitability. It would be expected, then, that neive 
impulses or adrenaline first increase activity. During continuous stim- 
ulation, however, the discharge of the muscle will be stopped by a block 
of muscular conduction as soon as the excitability has dropped below 
a certain level. Thus a diphasic response vdll result. If, on the other 
hand, the block is established rapidly the excitatory phase may be masked. 
Finally a purely excitatoiy action will be found if the excitability is not 
appreciably depressed by the sympathetic nerve impulses, as has been 
found under certain conditions (p. 629). 
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This theory explains the diversity of the responses of the uterus as the 
result of quantitative differences in the functional condition of the muscles. 
A reversal in the action of sympathetic impulses and adrenaline in some 
species, then, may be considered as an expression of the change in the 
functional state of the uterine musculature as it occurs during pregnancy 
and estrus, and it becomes unnecessary to postulate alterations in the 
function of the nerve fibers. 

In conclusion it may be said that the hypothesis of specific motor and 
inhibitory sjunpathetic nerve fibers to the uterus has not contributed to 
the understanding of the diversified responses of this organ. This hy- 
pothesis seems on a rather insecure basis because purely excitatory and 
inhibitory effects of nerve stimulation are rather the exception than the 
rule, and it cannot account for the fact that excitatory as well as inhibi- 
toiy effects are produced in the same organ by adrenaline alone or by adre- 
nergic nerve fibers. It appears, therefore, that the assumption of a dual 
action of sjunpathetic ner\’^e impulses offers a simpler explanation of the 
responses of the uterus than the hypothesis of a dual sympathetic innerva- 
tion. 

Also in other visceral organs it has seemed necessary to postulate the 
presence of excitatory and inhibitory sympathetic nerve fibers. In the 
urinary bladder (cf. 10, 15), adrenaline and stimulation of the hypogastric 
nerve produce a diphasic response like that of the uterus. In the gastro- 
intestinal tract the sympathetic is predominantly inhibitory but excitatory 
effects are often obtained, particularly in the stomach (cf. 14). The 
conclusions regarding the nervous control of uterine motilit}’’ may pos- 
sibly be applied also to these observations, particularly to cases where 
adrenaline alone has a diphasic effect. 

Several older investigators (cf. 10) reported an increase in the motility 
of the small intestine as a response to splanchnic stimulation. These 
observations were confirmed in experiments on 4 cats and 2 dogs. Con- 
tractions could be induced in the quiescent intestine by splanchnic stimula- 
tion, but these responses occurred only at very low body temperatures 
(33° to 30°) and they always had a long latent period (15 to 20 sec.). 
It seemed possible, therefore, that the contractions resulted from the 
asphyxia produced by vasoconstriction and, in fact, asph3^a produced by 
occluding the aorta also increased motility in these animals. It seems 
probable, therefore, that the sympathetic has a purely inhibitory action 
on the musculature of the small intestine. 

SUMMARY 

Sympathetic nerve impulses and adrenaline lower or abolish the excit- 
ability of the non-pregnant cat's uterus. Adrenaline was shown to pro- 
duce this effect also on intestinal strips. 

In the non-pregnant cat's uterus the inhibition brought about by stimu- 
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lating the faj'^pogastric nerve is always preceded bj’’ an excitatory’- effect. 
This finding and occasional observations on other species suggest that 
diphasic responses are the general type of response of the uterus to nerve 
stimulation. The magnitude of each one of the two phases of the response 
varies greatly under different conditions and in different species. 

Both the excitatoiy and inhibitory effects are produced by adrenergic 
nerve fibers as shown by the fact that adrenaline alone gives essentially 
the same response as sympathetic nerve impulses. 

These results cannot readily be explained on the a.ssumption of specific 
excitatory and inhibitory nerve fibers. It is suggested that excitation 
and inhibition represent two phases of the action of the same nerve im- 
pulses. Specifically, the observations are explained by assuming that 
inhibition is due to the diminution in excitability, which leads to a block 
of muscular conduction, and by the further assumption that the sympa- 
thetic nerve impulses also tend to set up muscular impulses. The excit- 
atory action will be suppressed as soon as the level of excitability has 
dropped sufficiently to block muscular conduction. A diphasic re.sponse 
will result usually but one of the phases may also be masked by the other. 
These assumptions explain the great variety of responses of the uterus 
and the reversal of the responses during pregnancy or estrus, as the result 
of the experimentally demonstrated quantitative differences in the prop- 
erties of the muscles without assuming any changes in the nervous mecha- 
nism. 
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The pressure at any point in a vein may be considered to bo tbe result 
of the following faclore: the residuum of the total head of pressure created 
by the heart beat which is transmitted through the capillaries to the vein, 
the resistance to the flow of blood from the point in the vein where the 
pressure is measured to the right auricle, the pressure in the right auricle, 
and the hydrostatic pressure exerted by the column of blood extending 
from the point in the vein where the pressure is measured to the point in 
the right auricle where the blood leaves the right auricle. 

Most worlcei-s, in order to eliminate the hydrostatic factor, have taken 
the level of the right auricle as the point to which venous pressure should 
be referred. However, Clark, Hooker, and Weed (1934) have shown that 
in the dog the reference point, ns they use it, is not the right auricle but 
consists of two points, one located several ccntimeteis cephalad to the 
heart for the head section of the animal, and another located several centi- 
meters caudad to the heart for the tail section of the animal. However, 
since blood leaves the venous .system at the right auricle, and so long as 
there is a column of blood extending from the right .auricle to the point 
in the vein where venous pressure is measured, there is a hydrostatic pres- 
sure equal to the height of this column of blood. In order to eliminate 
this hydrostatic pre.ssurc from the venous pressure measurement, it is 
nccc.ssaiy to refer the venous pressure to the level of the right auricle. 

There is little agreement ns to the position of the right auricle in the 
chest. The position of the right auricle in the supine subject has been 
taken to be at the following points by different workers: one-half the 
distance through the chest in the anterior-posterior line drawn from the 
subcostal angle (von Recklinghausen, 190G); five centimeters doreal to the 
sternum at the fourth costal cartilage (Moritz and Tabora, 1910); at the 
junction of the anterior third and the middle third of the anterior-posterior 
line drawn from the sternum at the fourth intercost al space (Eyster, 1929); 
and ten centimetci's ventral to the level of the skin of the back (Lyons, 
Kennedy and Burwell, 1938). These reference points differ widely and 

‘ Commonwe.alth Fund Fellow. 
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in some cases the extreme points differ by as much as ten centimeters; in 
most cases they differ by about four centimeters. This causes the venous 
pressure, as measured, to differ by this much. 

It has been attempted here to determine more accurately the position 
of the reference point and to measure the venous pressure by a procedure 
that eliminates the hydrostatic factor in the measurement. If the venous 
pressure in the antecubital vein of a subject in the supine position is 
measured by the direct method, this pressure is composed of the hydro- 
static pressure exerted by the column of blood extending from the point 
in the vein where the pressure is measured to the right auricle plus the 
remaining venous pressure which has no hydrostatic component (fig. la). 
If the subject is turned to the prone position and the pressure measured 
in a similar manner, this pressure is composed of a hydrostatic pressure 



Fig, 1. Diagrams showing the height of the column of saline (venous pressure) 
in the supine and prone positions. Solid black area represents the venous pressure 
having no hydrostatic component. Shaded area represents the hydrostatic com- 
ponent. (a), supine, (b), prone, (c), composite picture of the two positions. 
A, level of the top of the saline column with the subject in the supine position. 
level of the top of the saline column with the subject in the prone position. JI, 
heart. S, sternum. tSP, spine. X, the sum of the two venous pressures with the 
hydrostatic pressure eliminated. 

component equal to the height of the column of blood extending from the 
point in the vein where the pressure is measured to the right auricle plus 
the remaining pressure which has no hydrostatic component (fig. lb). 
In the above two pressure measurements the position of the right auncle 
is not known, but the pressures can be referred to the level of the skin 
lying over the spine, at the level of the fourth intercostal space, which is a 
fixed point. If a composite picture (fig. Ic) is made of the two above 
measurements, and it is assumed that the position of the right auricle rela- 
tive to the spine does not change when the subject changes from the supine 
to the prone position, then it is seen that the distance between the points 
A and B (fig. Ic) represents the sum of two venous pressure measurements, 
and that the hydrostatic pressures have been eliminated from the venous 
pressure measurement. If the venous pressure (less the hydrostatic 
component) does not change as a result of the change from the supine 
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to the prone position, then the mid-point between A and B (fig. Ic) repre- 
sents the reference point in the right auricle. 

Thus, if the venous pressure is measured with the subject in the supine 
position and then measured vdth the subject in the prone position, using 
the spine as the reference (zero) point in both cases, the sum of these two 
venous pressure measurements divided by two equals the venous pressure 
vdth the hydrostatic component eliminated; and the reference point is 
located at the point in the chest midway between the tops of the two 
columns of saline in the two pressure measurements, as shovm in figure Ic. 

It should be noted in determining venous pressure by this method that 
in the supine position when the top of the column of saline is ventral to the 
spine the pressure in the vein, using the spine as the reference (zero) point, 
is positive. Wlien the subject is in the prone position and the top of the 
column of saline is ventral to the spine, the pressure in the vein, using the 
spine as the reference (zero) point, is negative. 

Method. Venous pressure was measured in the antecubital vein in 
ten normal subjects in the supine position by a modification of the direct 
method of Moritz and Tabora (1910) using physiological sahne in place 
of citrate in the manometer system. The subject lay on a flat table Avith a 
meter stick of 0.8 cm. thickness lying between the spine and the table 
in order to insure accurate location of the position of the spine. The thick- 
ness of the chest in the anterior-posterior diameter at the fourth inter- 
costal space was measured. After the subject had been relaxed on the 
table for between ten and fifteen minutes mth the extended arm lying on a 
smooth board posterior to the level of the spine and abducted to approxi- 
mately forty-five degrees, the needle was inserted, taped in place and a 
venous pressure reading taken referring the pressure to the level of the 
spine as zero. The aim was raised a few centimeters by elevating the board 
on which the arm rested and then another pressure reading was taken. 
This was continued until the point in the vein where the pressure was 
measured was at the level of the sternum or above. The subject was then 
turned to the prone position, the needle remaining in place, and the arm 
extended, abducted to about forty-five degrees, and placed on a smooth 
board well below the sternum. The venous pressure was determined 
and then the arm elevated a few centimetere and another pressure reading 
was taken. This was continued until the point in the vein where the 
pressure was measured was approximately at the level of the spine. The 
level of the spine was determined and all pressure measurements referred 
to the spine as zero. In this way the venous pressure was determined in 
each subject using all of the reference points described above. 

Results. With the subject in the supine position venous pressure was 
found to vary vddely in each subject depending on the reference point used 
(table 1). Lower values for venous pressure were obtained using the refer- 
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ence point of Moritz and Tabora and that of Eyster than were obtained 
using the other reference points, ^^enous pressure values obtained using 
the reference point of von Recklinghausen were close to the values obtained 
using the method described here. The venous pressure values obtained 
using the reference point of Lyons et al. were close to the values obtained 
using the method described here in all cases except that of a very thick 
chested individual in which case the value obtained using the reference 
point of Lyons et al. was higher than that obtained by any other method. 


TABLE 1 




VENOUS PHESSURE MEABUHED IK CENTIilETEKS OF SALINE 



s 

; CHEST 

DIAM- 

M. and T. 

E. 

V. 

n. 

L. et al. 

X 

R.P. 



Supine 

Prone 

Supine 

Prone 

Supine 

Prone 

Supine 

Prone 

Supine 

and 

prone 


1 

cm. 

19.4 

8.5 

19.8 

10.0 

18.3 

13.2 

15.1 


15.4 

14.1 

8.7 

2 

18.3 

6.7 

16.2 

7.8 

15.1 

10.9 

12.0 

10.0 

12.9 

11.4 

8.5 

3 

19.5 

7.1 

17.1 

8.6 

15.6 

11.9 

13.7 

11.6 

12.6 

12.1 

9.5 

4 

20.0 

6.0 

10.8 

6.7 

9.8 

9.9 

8.0 

9.9 

5.8 

7.8 

12.0 

5 

25.7 

4.6 

17.4 

8.1 

14.4 

12.5 

11.7 

15.3 

10.8 

11.2 

14.0 

6 

18.5 

5.3 

16.3 

5.8 

15.3 

8.9 

13.2 

8.1 

10.6 

9.3 

8.8 

7 

19.8 

8.0 

12.3 

8.0 

10.7 

8.5 

8.9 

8.3 

9.0 

7.9 

10.4 

8 

17.8 

6.0 

12.4 

6.1 

11.5 

8.0 

9.1 

6.9 

10.2 

8.3 

8.7 

9 

18.4 

5.3 

11.6 

6.4 

10.5 

9.5 

7.4 

8.7 

8.2 

8.4 

10.2 

10 

18.9 

8.9 

19.1 

10.2 

17.8 

13.4 

14.6 

12.8 

15.2 

14.0 

8.8 

Av 

19.6 

6.6 

15.3 




11.4 

10.4 

11.1 

10.4 

10.0 


Summary of data on venous pressure determinations in the supine and prone 
positions using different reference points. S, subject; M. and T., reference point 
of Moritz and Tabora; E., reference point of Eyster; v. R., reference point of von 
Recklinghausen; L. et al., reference point of Lyons et al.; X, using the method 
described here; R. P., reference point, as determined by the method described here, 
expressed in centimeters ventral to the spine; Av., average. 


Although the reference points of von Recklinghausen, Moritz and 
Tabora, Eyster, and of Lyons et al. were not intended to be used in the 
determination of venous pressure with the subject in the prone position, 
the venous pressure in the prone position Avas measured using these refer- 
ence points in order to show the wide variation of venous pressure depend- 
ing on the reference point used (table 1). 

The A^enous pressure measured Avith the subject in the prone position 
using the reference point of Moritz and Tabora and that of Eyster Avas 
high compared to the values obtained by using the other methods, AA^hile 
the opposite was the case Avith the subject in the supine position (table 1). 
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The normal venous pressure was found to vary between 7.8 and 14.1 cm. 
of saline vdth 80 per cent of the cases, having a pressure between 7.8 and 
12.1 cm. of saline using the method described here. 

Using the spine as the reference (zero) point for the venous pressure 
measurement, it was found that raising or lowering the vein caused no 
change in the venous pressure so long as the vein remained below the middle 
region of the chest. Elevation of the vein above the middle region of the 
chest caused an elevation in the venous pressure (fig. 2). This was seen 
both in the supine and prone positions, and similar results were obtained 
on models using thin walled collapsible rubber tubes to represent veins. 

Discussion. There is a possibility that in determining venous pressure 
by the method described here the shift from the supine to the prone posi- 
tion changes the venous pressure and the position of the right auricle, and 
thus the venous pressure, as measured, is inaccurate and the location of the 
reference point is inaccurate. That this is not the case is suggested by the 
following obserimtions. Hooker (1914), White (1924), Doupe et al. 
(1938), and others have shovm that vasodilatation or vasoconstriction 
in the arm causes little or no change in venous pressure, thus it is unlikely 
that the shift from the supine to the prone position causes any change in 
the pressure transmitted through the capillaries to the vein. Also, so long 
as the subject is relaxed and there is no constriction between the point 
where the venous pressure is measured and the heart, the resistance to 
flow to the heart is probably not changed by the change from the supine 
to the prone position. There is the possibility, however, that the pressure 
in the right auricle is changed as a result of the change from the supine 
to the prone position. Although there are no data on this point in man, 
intra-auricular pressure measurements in three anesthetized dogs, with the 
chests closed, showed that the pressure either did not change or was de- 
creased by one centimeter of saline pressure when the animal was turned 
from the supine to the prone position. This suggests that there is little 
or no change in right auricular pressure in man due to the change from 
the supine to the prone position. Since the base of the heart is firmly 
fixed posteriorly, it is unlikely that the shift from the supine to the prone 
position causes any marked change in the position of the right auricle 
relative to the spine. However, if the position of the right auricle is 
changed due to the shift from the supine to the prone position, the refer- 
ence point, as detei-mined by the method described here, will lie at a point 
midway between the two positions of the right auricle (fig. Ic). Also, the 
venous pressure ivill be decreased, assuming that the heart falls forward 
in the prone position, by an amount equal to the pressure exerted by 
one-half the height of the column of blood extending between the two 
positions of the right auricle. 

Thus it seems unlikely that the shift from the supine to the prone posi- 
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tion causes any change in the venous pressure. However, if the venous 
pressure does change due to the shift from the supine to the prone position 
then the value obtained for venous pressure using the method described 
here will be the average value of the venous pressure in the two positions 
with the hydrostatic factor eliminated. 

The rise in venous pressure that was found when the arm was placed 
above the heart level confirms the observ^ations of Carrier and Eehberg 
(1923) and those of Lyons et al. (1938). These investigators attributed 
this rise to the elevation of the vessels above heart level causing the 



Position of vein ventral to spine (oa, ) 

Fig. 2. Graph showing the height of the top of the column of saline (venous pres- 
sure) ventral to the spine with the arm in different positions relative to the spine, 
-f , ventral to spine. — , dorsal to spine. The level of the right auricle was deter- 
mined as described in the te.vt. 

vessels to collapse and thereby increasing the resistance to flow between 
the point where the pressure was measured and the heart, and thus m- 
creasing the venous pressure. However, there is the possibility that this 
rise in venous pressure is the result of constriction of the vein caused by 
angulation at the shoulder when the vein was above heart level. That 
this is probably not the case is shown by the fact that a rise in venous 
pressure was found with the subject in the prone position only when the 
vein was above heart level (fig. 2). Since angulation of the arm at the 
shoulder was the same with the vein above heart level in the prone posi- 
tion as it was with the vein below the heart level in the supine position 
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and since the rise in venous pressure was seen only when the vein was 
above the heart level, the angulation must have played no part in the 
pressure rise. 


SUMMARY 

Venous pressure was determined in the supine and prone positions in ten 
normal subjects using a modification of the direct method of Moritz and 
Tabora. Venous pressure values obtained using the reference point of 
Moritz and Tabora and that of Eyster were markedly different from the 
values obtained using the reference points of von Recklinghausen, Lyons 
et al., and the method described here. The reference point of Moritz and 
Tabora and that of Eyster appear to be placed too far ventraUy. 

It is suggested that venous pressure be determined in the following man- 
ner in order to eliminate the hydrostatic factor. The pressure in the 
antecubital vein is measured by the direct method with the subject in the 
supine position, the arm lying well below the center of the body and 
abducted to approximately 45 degrees. The subject is turned over into 
the prone position and the pressure measured again with the arm well 
below the center of the body and abducted to about 45 degrees. All 
pressures are referred to the level of the spine as zero. The sum of the 
two pressures divided by two equals the venous pressure, and the refer- 
ence point is located at the point in the chest mid-way between the tops 
of the two columns of saline in the two pressure measurements as sho^vn 
in figure 2. 

Venous pressure determined in this manner varied between 7.8 and 14.1 
cm. of sahne with 80 per cent of the cases varying between 7.8 and 12.1 
cm. of saline. 

The author wishes to express his thanks to Dr. A. J. Carlson for his 
suggestions and criticism during the course of this work. 
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The small intestine is supplied by two efferent nerves which affect its 
motility — the vagi and the splanchnics. Most investigators are in general 
agi’eement that the former are motor, the latter inhibitory (for a review 
of the evidence on this point see Hukuhara, 1932). The fact that an 
effector is supplied by two ner\'es, which on peripheral excitation produce 
opposite actions, does not necessarily mean that the organ is reciprocally 
innervated. It does, however, immediately suggest the possibility that 
this type of coordination is present. The experiments here described 
were designed to test whether reciprocal innervation does indeed exist in 
the gut. The method consisted of destroying either the motor or inhibi 
tory nerves and observing whether augmentor or depressant reflexes are 
still obtainable. If, when humoral agencies are excluded augmentor 
responses can be elicited in the absence of the motor nen’^es, or if inhibition 
is apparent after destruction of the depressant fibers, then — since only two 
extrinsic nervous sources are known to act on the gut — ^the altered motility 
must be mediated by a diminished activity of the remaining nerves. The 
persistence of such reflexes, then, would prove reciprocal control of an 
autonomic effector. 

Methods. Most of the experiments were performed on young vigorous 
cats, but in a few cases rabbits "were used as test animals. In order to 
insure the presence of lively intestinal movements the following expedients 
were employed. 1, Sometimes a dose of castor oil was administered 14 
to 24 hours before the experiment. 2. In aU cases (regardless of whether 
or not a purgative had been given the day before) the animals were fed a 
meal of salmon and milk 2 to 3 hours before the start of the experiment. 

The cats were anesthetized with urethane, 1.25 grams per kgm. in the 
femoral vein, or dial (Ciba) 0.65 to 0.75 cc. per kgm. intraperitoneally 
(slightly smaller doses were employed for rabbits). The animal was then 
placed on a warming pad and its temperature was kept within the normal 
range. 

After the insertion of a tracheal cannula the abdominal c-avity was 
opened. The influence of the adrenals was routinely abolished by tying 
off each gland cn masse with stout thread. When the experiment required 
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removal of the splanclmics, these nerves were identified as they emerged 
beneath the diaphragm on either side and 1 to 2 cm. were extirpated. In 
some instances the semilunar ganglion also was cut out. A small rubber 
balloon, made of condom rubber, or more usually fashioned from the 
finger of an ordinary surgical glove, was attached to a glass tube of narrow 
bore by means of rubber cement. It was passed into the lumen of the 
duodenum through a short longitudinal incision. A stitch carried through 
both layers of muscle and tied around the glass tube held the balloon in 
place. The balloon was connected by rubber tubing and a T-tube to a 
Marey capsule and a water manometer. The pressure in the system was 
raised to 5 to 10 cm. of water and the manometer was then disconnected 
by means of a stopcock. Thus a record of duodenal contractions and the 
tone of the musculature was obtained on a kymograph. The system was 
tested for leaks before each experiment. In order to obviate the disturb- 
ing influences of drying, coohng and handling, the contents of the peritoneal 
cavity were carefully wrapped in a towel soaked in warm Ringer’s solution, 
while the above procedures were being carried out. The surgery was 
performed as rapidly as possible and with care to prevent uimecessary 
trauma. After the operations were completed, a small quantity of warm 
Ringer's was introduced into the abdominal cavity, the guts were carefully 
arranged to avoid kinking and the omentum was spread over them. Then 
the abdominal wall was closed "with hemostats or large paper-clips, or sewn 
with linen thread. 

The sciatic nerve on one side was bared, cut, and prepared for central 
stimulation. The vagi on both sides were isolated and made ready for 
section or central excitation. In all experiments the cervical sympathetic 
trunks were separated from the vagi and cut. Generally, if the vagi were 
to be excluded, they were cut before any records were taken. In some 
cases, however, it was thought worth while to investigate a possible tonic 
action of these nerves. Hence, they were not cut until the experiment was 
in progress and the intestinal movements were being recorded. 

In a few of the earlier animals the guts were allowed to remain within 
the closed abdominal cavity while the experiments were being conducted. 
It was frequently found, however, that there was a tendency for the motil- 
ity to become seriously impaired after 1 to 2 hours. Consequently, the 
later experiments were carried out vdth the intestines floating in a Ringer 
bath, the temperature of which was kept constant at 38°C. This method 
had the advantage of preserving the vigor of the movements for several 
hours. It also allowed the advantage of direct observation of the gut and 
avoided the complications which contractions of the abdominal muscula- 
ture occasionally created. 

Some animals were chronically sympathectomized or vagotomized 7 to 
16 days before the acute experiment. Bilateral abdominal sympathec- 
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tomy was performed aseptically according to the technique of Cannon, 
Newton, Bright, Menkin and Moore (1929). In addition, 1 to 2 cm. of the 
splanchnics were removed on both sides and the celiac ganglion was extir- 
pated. Parasympathetic fibers to the small intestine were destroyed by 
stripping the vagal filaments from the anterior and posterior surface of the 
esophagus immediately after it pierced the diaphragm. 

Shielded silver-wire electrodes were used for stimulation of the nerves. 

A Harvard inductorium with 1.5 to 3,0 volts in the primary circuit 
and vaiying positions of the secondary coil provided faradic induction 
shocks. 

Results. A, Tonic action of the vagi. Most investigator have con- 
cluded that the vagi are either entirely or primarily motor for the small 
intestine. This conclusion led to a study of the effects of section of these 
nerves to learn whether or not they exhibited a tonic action on intestinal 
motility. Bayliss and Starling (1899) were unable to detect, in anesthe- 
tized dogs, the existence of tonic vagal influence on the intestines. Hotz 
(1909) and L. R. Muller (1931) subscribed to the view of the English work- 
ers. The data of Aehle (1936) on a small series of rabbits are equivocal. 
Cannon (1906), in contrast to the foregoing investigators, assigned to the 
vagi a tonic action. He found, by means of x-ray studies carried out 
several days after cats had recovered from double vagotomy, that the pas- 
sage of a meal of lean beef through the intestine was slower than normal. 
Also Alvarez and Mahoney (1924) stated that vagal section in rabbits 
reduced the tendency for “peristaltic rush” along the bowel. 

In an attempt to add more data on the existence or non-existence of 
vagal tone, 8 cats were studied. After the intestinal movements were 
being recorded the vagi were cut in the neck. In 4 cats of this series the 
splanchnics had been previously sectioned, while in the remaining animals 
they were intact. In 5 experiments vagotomy resulted in a decrease in the 
rate and extent of the contractions. In 2 cases the results were not 
striking, and only a shght slowing of the movements occurred. In the 
other cat vagotomy was without effect on intestinal activity. 

No statement can be made regarding the period of time during which 
effects referable to vagus section remained in the 7 animals. In some cases 
slowing or even complete inhibition appeared rapidly, and after a few 
nainutes the rate approached the normal. The new rate, however, was 
always slower than before severing the vagi. Generally, the amplitude of 
contractions was first reduced and then gradually approached the normal 
in size. Figure 1 illustrates the most striking example of vagal tone. In 
the animal from which this record was obtained the splanchnics were cut, 
the adrenals were tied and the celiac ganghon was removed. Interruption 
of the vagal supply caused a prompt inhibition of all movements. Ap- 
proximately 12 minutes later the intestines began to move rhythmically 
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again, although the contractions occurred less frequently and the individual 
beats developed less tension than before the vagi were cut. 

B. Reflex changes 'produced hy sciatic nerve stimidaiion. Excitation of an 
afferent nerve and various sensoiy stimuli, according to numerous ob- 
servers, inhibit peristalsis and decrease intestinal tone. Thase observa- 
tions were readily confii-med by faradizing the central stump of the sciatic 
nerve. Vagal section, either at the time of the experiment, or 1 to 2 weeks 
previously, did not abolish the reflex inhibition produced by sciatic stimu- 
lation. 

Most investigators state that cutting the splanchnic nerves removes 
the possibility of obtaining reflex gastro-intestinal inhibition (Hotz, 1909; 
V. Lehmann, 1913; Morin and Vial, 1934). My results are in disagreement 
with this view. In the first experiments simple splanchnic section was 
performed and then the sciatic was stimulated. The presence of reflex 
inhibition led me to suspect — liecause of the contrary conclusions of earlier 
worker — that not all inhibitory fibers to the gut had been interrupted by 
splanchnicotomy; for it might be that a few fibers from the upper lumbar 
region ran, independently of the splanchnics, to the celiac ganglion. Con- 
sequently (in 8 cats) the celiac ganglion was removed when the splanchnics 
were cut. Figure 2 shows the typical inhibition after this possible source 
of error had been excluded. 

In order to rule out any conceivalile sympathetic supply and to obviate 
the possibility of humoral agencies (Youmans and Meek, 1937) 2 animals 
were .subjected to bilateral abdominal sympathectomy and splanchni- 
cotomy, removal of the celiac and superior mesenteric ganglia 9 and 16 
days before the final acute experiment, at which time the adrenal glands 
were removed. These animals exhibited reflex intestinal inhibition, just 
as those in which less drastic surgery had been performed. 

In the animals subjected to the different operations used to destroy 
possible sympathetic influences some variations in response occurred. 
Such were; latency, duration and extent of inhibition, and intensity and 
duration of the stimulus required to elicit the reflex. But the remarkable 
constancy of the inhibitory phenomena convinced me that they could be 
liroduced in the absence of all known depressant neural pathways. To 
prove that reflex inhibition was indeed mediated by the vagi — i.e., by a 
diminution in the normal vagal motor activity — these nerves were cut in 
the neck and the sciatic was again stimulated. Difficulties often arose in 
this phase of the experiment, for, frequently, when the vagi were destroyed 
the activity of the gut was permanently reduced (section A, p. 644) and 
the preparation was no longer so favorable for the study of inhibition. 
In some animals the gut remained fairly active after vagotomy. In such 
cases sciatic stimulation failed to evoke inhibition of the extrinsically 
denervated intestine. 
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Although a decrease in the rate and amplitude of the movements and a 
decline in the tone of the sympathectomized gut was the usual result of 
central sciatic stimulation, in 2 of 16 such experiments a marked increase 
in rhythm and tone occurred (fig. 3). The reason for these atypical results 
is obscure. 

C. liejlex changes induced hy central vagal siimulaiion. In view of 
the numerous reflex para.sympathetic responses produced by central vagal 
stimulation this nerve was selected as one likelj’- to produce augmentor 
intestinal effects. Conflicting reports concerning reflex vagal effects on 
the intestine can be discoveied in the literature. Bunch (1897) at first 
stated that vagal stimulation was ineffective, but later (1899) considered 



Fig. 1 Fig. 2 Fig. 3 

Fig. 1. Intestinal movements of cat under urethane. Splanchnic nerves cut, 
adrenals tied, celiac ganglion removed. Signals represent section of vagi in neck. 
In this and subsequent records the lowest line records 30-sccond intervals. 

Fig. 2. Cat, urethane. Splanchnic nerves cut, adrenals tied, celiac ganglion 
removed. At signals, stimulation of central end of left sciatic nerve, l.o volts, 6 cm. 

Fig. 3. Atypical record obtained on sciatic nerve stimulation. Cat, urethane. 
Splanchnic nerves cut, adrenals tied, celiac ganglion removed. At signal, right 
sciatic nerve stimulated centrallj', 1.5 volts, 6 cm. 

that it occasionally caused increased activity'' of the longitudinal coat if the 
other vagus was intact. Bayliss and Starling (1899) always observed 
inhibition if the vagus on the opposite side and the splanchnics were in- 
tact, and no effect if the splanchnics were cut. v. Lehmann (1913) secured 
either increases or decreases of peristalsis in the dog when the splanchnics 
and one vagus remained. 

Under the conditions of my exijcriments, when the splanchnics were 
intact, increased motility was always brought about by stimulating one 
vagus centrally, provided the opposite neiwe was untouched. Figure 4 
is representative of 5 experiments, in each of which augmentation of 
motility followed faradization of the vagus. Even when the guts were 
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more acti^•e than in the animal from which figure 4 was obtained, vagal 
stimulation elicited a definite, though not so marked increase of con- 
tractions. 

^^^len one intact vagus represented the sole extrinsic nerve supply central 
stimulation of the other vagus also produced heightened motility. This 
response was abolished when the remaining vagus was severed. 

If both vagi were sectioned and only the splanchnics connected the gut 
with the central nervous system, stimulation of the central end of either 
vagus brought about varying results. In 2 animals no alteration of 
intestinal activity occurred. In 2 others the intestines were inhibited. 
In the remaining 4 cats evidence of reciprocal innervation was obtained 
(fig. 5). That is, if distant humoral effects may be excluded, the incrca.sed 
movements could have been induced only bj’^ inhibition of the normally 




Fig. 4 Fig. o 


Fig. 4. Cat, urethane. Adrenals tied. Splanchnic nerves and one vagus intact. 
At signal, stimulation of central end of left vagus, 3 volts, 6 cm. 

Fig. 5. Cat, urethane. Both vagi cut in neck. Splanchnics intact. At signal, 
right vagus stimulated centrally, 1.5 volts, 9 cm. 

depressant influence of the splanchnics. The changes in motility were 
not due to chance variations in the intrinsic rhythmicity of the gut, since, 
after the splanchnics also were removed, neither inhibition nor augmenta- 
tion took place Avhen the vagus was stimulated. This operation, more- 
over, excluded the possibility of humoral depressant or excitant substances, 
released by nerves other than the splanchnics and acting upon the gut. 

Discussion. The experiments reported in section A show that the 
vagi exert a tonic motor influence on the movements of the intestinal tract, 
since the effect of destroying these nerves is to reduce the rate and ampli- 
tude of the contractions (fig. 1). The decline in motility after double 
vagotomy might be assigned wholly to the now-unchecked reign of tonic 
and reflex inhibitoiy activity of the splanchnic nerves. The vagi act, 
however, not merely to offset the splanchnics but are required for establish- 
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ment of a tonic state, because peristaltic depression 0001117 ? even when the 
A^agal section follows splanchnic section. 

The results of reflexly induced changes of intestinal motility cannot be 
adequately accounted for on the basis of complicating circulatory changes. 
In the fiist place, the evidence of Van Braam-Houckgeest (1874) and of 
Bayliss and Starling (1899) and others proves the independence of motility 
from local vascular changes. Also, from the present e.xperiments it is 
apparent that reflex inhibition may occur with either a pressor (sciatic) 
or depressor (vagal) response. The objection might be raised that both 
these circulatory changes could be responsible for local asphy.xia — the rise 
in pre.ssure because of the constriction of the splanchnic arterioles, and the 
pressure fall by pooling of blood in the viscera and stagnation resulting 
from the decreased blood flow. On that basis, however, one could not 
e.xplain the occasional enhanced motility seen on sciatic stimulation (fig. 3), 
nor the motor effects following central vagal excitation after unilateral or 
bilateral vagotomy (figs. 4 and 5). 

Intestinal inactivity arising from sciatic stimulation when the .sympa- 
thetic nerves arc destroyed is not due to an outpouring of adrenaline, since 
the adrenal glands were excluded routinely. Nor is it likely that the reflex 
release of sympatliin can account for the changes, because the latencies 
are in most cases too short to allow action of a distant humoral agent 
(fig. 2). The precautions described above (p. 645) to insure complete 
.sympathetic denervation render improbable the participation of an un- 
controlled inhibitory neural agency. Furthermore, the inhibitoiy phe- 
nomena are abolished when the vagi are cut. These facts point to decrease 
of vagal activity as being the mechanism bj’' which the induced motility 
in the experiments under discussion was mediated. 

Youmans and Meek (1937) state: “There is no indication that the vagal 
fibers plaj”^ any pai-t in gastro-intestinal inhibition thus produced” (by 
rectal stimulation). Most investigatom have reached similar conclusions 
regarding inhibition of the bowel. The reasons for the divergence between 
my results and those of other workers is not clear, but a number of possible 
causes for the discrepant findings may be advanced. 1. Differences in 
anesthetics may account in part for the conflicting data. 2. Some workers 
employed drugs, e.g., atropine (Bayliss and Starling, 1899; Bunch, 1899) 
and curare (v. Lehmann, 1913) which may have prevented elicitation of 
the reflex. 3. Different types of afferent stimulation have been used by 
various experimenters, and hence the conditions were not the same. 
4. Perhaps most important in considering the discordant findings is the 
experimental animal employed. The majority of studies have been carried 
out on dogs, and the species differences between the cat and dog may well 
afford a po.ssible solution of the discrepancies. 

The results of central vagal stimulation are not so conclusive as those 
occurring after sciatic nerve excitation. In contrast to v. Lehmann (1913), 
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I found that augmentor effects always followed when the other vagus was 
intact (fig. 4). It is possible that v. Lehmann’s inhibitory effects might 
have been due to his use of stronger induction shocks than those employed 
in these experiments. He states that more intense stimuli are required to 
bring on inhibition than augmentation. Since the adrenals were not re- 
moved in his experiments, the possibility of humoral effects was not 
excluded. 

The variable response elicited by central vagal stimulation when the 
splanchnics alone are present is puzzling. M’Crea, M’Siviney and Stop- 
ford (1925) state that the results of direct stimulation of the vagus depend 
on the condition of the gastro-intestinal musculature at the time of the 
stimulation. When the smooth muscle is in a state of high activity vagal 
excitation may cause inhibition, while augmentation results if the periph- 
eral structures are in a condition of lowered activity. The possibility of a 
similar situation existing when intestinal reflexes are set up is not excluded, 
but the present experiments offer no indication as to the validity of this 
supposition. 

The appearance, in 4 cases, of enhanced motility mediated by splanchnic 
depression (fig. 5) indicates the possibility of obtaining a reciprocal syner- 
gism between the motor and inhibitory systems, since effects mediated 
by agents other than the splanchnic nerves were ruled out (p. 647). 

One further point may be mentioned regarding the relative ease of ob- 
taining evidence of reciprocity for inhibition and the difficulty of securing 
similar proof for augmentation. In the normal animal conditions of stress 
may arise not infrequently and require an efficient and rapid mechanism 
for initiating a decrease in the activity of the alimentary tract; then both 
efferent systems are correlated to occasion the most economical production 
of the standstill of the gastro-intestinal canal. It should also be empha- 
sized that humoral agencies (adrenaline and sympathin from, distant 
sources), which begin their action after a longer latency and have more 
prolonged effects, undoubtedly cooperate with the neural mechanisms in 
keeping the activity of the bowel depressed when conditions which demand 
its quiescence arise. On the other hand, situations which require increased 
motility of the intestines may be accomplished in a more leisurely fashion 
and need not requisition the aid of both ner%'^ous pathways. A reciprocal 
action in the latter case is not precluded; indeed, the evidence is suggestive 
that it actually may take place. The implication is simply that in the 
latter situation reciprocity is not so highly developed as when the gut 
must be inhibited to meet the exigencies of normal existence, 

SOTMARY 

!• The movements of the small intestine were studied by the balloon 
method in cats and rabbits under urethane or dial. 
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2. The vagi exert a tonic motor influence on the small intestine (fig. 1; 
p. 644). 

3. Faradization of the central stump of the sciatic neive usually causes 
intestinal inhibition and a loss of tone. The decline in activity takes 
place even after the splanchnic nerves are destroyed (fig. 2). The dimin- 
ished motility is shown to be due to a decrease in the normal activity of 
the vagi — ^lienee, reciprocal innervation (p. 645). 

4. In rare instances increase in movements and tone follows sciatic 
stimulation (fig. 3). 

5. Central excitation of one vagus, with the other vagus and splanchnics 
intact, produces enhanced motility (fig. 4). 

6. lATien both vagi are removed and the splanchnics are intact, central 

stimulation of one vagus causes either augmentor (fig. 5) or inhibitory 
reflexes. These are shovni to be mediated by the splanchnic nerv’-es (p. 
647) and the augmentor reflex is advanced as possible evidence of reciprocal 
innervation (p. 649). * 

7. The significance of reciprocal innervation in the gastro-intestinal 
canal is briefly discussed (p. 649). 
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I. Reasons for this research. The use of a visual fiuiction like 
dark adaptation to record the vitamin A state of the organism rests on 
two bodies of knowledge. The first is the evidence accumulated in the 
last 15 years which shows that vitamin A is the critical agent in the long- 
established association of night blindness with dietary irregularities. 
Night blindness in rats may be produced by a diet deficient in vitamin A, 
and this condition is cured by ingestion of vitamin A (Holm, 1925). 
Moreover, there is less visual purple foi-med in the eyes of A-deficient 
animals (Tansley, 1931), and it is regenerated more slowly during dark 
adaptation (Fridericia and Holm, 1925) than in normal animals. In 
human beings night blindness has been experimentally produced by an 
A-deficient diet (Jeghers, 1937; Hecht and Mandelbaum, 1938; Wald, 
Jeghers and Arminio, 1938) and the condition has also been reversed by 
resumption of a normal diet. 

The second line of work is more recent, and has demonstrated that 
vitamin A is an essential ingredient of the chemical makeup of the visual 
system. Vitamin A is found in the retina (Wald, 1933), and appears as 
an ultimate product of the bleaching of visual purple (Wald, 1935). 
Thus vitamin A is a precursor for the formation of the visual pigments 
and is also a product of their decomposition, — a cycle which accounts for 
its necessity in vision, and which renders reasonable the employment of 
visual tests for the estimation of vitamin A in the body. 

The visual test most commonly used for this purpose is some aspect of 
dark adaptation. However, in spite of its widespread clinical use in the 
diagnosis of human vitamin A deficiency, the precise behavior of dark 
adaptation during experimental vitamin A deficiency has not been es- 
tablished. This is first because only a few people have actually been 
studied experimentally, and second because even among these, differ- 
ences have appeared in the experiments of different laboratories. The 
differences concern a, the time Avhen a rise of the \nsual threshold first 
appears during the period of an A-deficient diet; 6, the effect of single in- 

^ This work was aided by a grant from the Rockefeller Foundation. 
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gestions of vitamin A or of carotene on the visual threshold follovdng a 
deficient diet, and c, the rate of recovery of the visual threshold after the 
resumption of a normal diet. 

In order to supply material for the elucidation of these differences, we 
have made experiments in human vitamin A deficiency with 17 male 
subjects between 21 and 30 years old. Of these, 4 were studied during 
1937-38 and have already been reported on briefly (Hecht and Mandel- 
baum, 1939); the other 13 were studied during 1938-39. The subjects 
were maintained on controlled diets for different periods and their dark 
adaptation was followed at frequent intervals. 

II. CouESE OF DARK ADAPTATION. The precise characteristics of dark 
adaptation depend on many factors such as the retinal location, the color 
and the size of the test area, as well as the duration and extent of the 
preceding light adaptation (Hecht, 1937). In order to maintain these 
factors constant, we used the apparatus de\used by Hecht and Shlaer 
(1938) and the standard procedure recommended by them. This has 
the advantage not only of furnishing data whose characteristics possess 
physiolo^cal meaning, but of enabling the data to be related to the nor- 
mal distiibution of adaptation properties w^hich we have already stud- 
ied vdth a population of 110 individuals (Hecht and Mandelbaum, 1939). 
The procedure involves light adaptation to 1500 millilamberts for 3 min- 
utes, and measurements during the subsequent darkness of the threshold 
of a retinal area 3° in diameter situated 7° nasally for flashes of violet light 
0.2 second in duration. 

For purposes of illustration, the course of dark adaptation of subject 
F. W. is given in figure 1. The lowest points and curve record the sub- 
ject’s performance during his period on a normal, balanced diet, and are 
typical of all the other subjects. As alw*ays, the course of adaptation 
shows two stages which are now well undeistood in terms of the double 
nature of human vision. The primary rapid drop in threshold is gen- 
erally recognized as cone adaptation, while the secondary, slower and more 
extensive drop in threshold is the expression of rod dark adaptation. 

The other measurements in figure 1 w'ere made at different times dunng 
the subject’s stay on a vitamin A-deficient diet. They show that the 
form of the adaptation curve remains essentially the same, but that the 
two parts of the cunm become displaced upward in threshold. The cone 
threshold does not rise as much as the rod threshold, though their course is 
approximately parallel. This has already been found by us before (Hecht 
and Mandelbaum, 1938), and is confirmed by the work of Wald, Jeghers 
and Arminio (1938), of McDonald and Adler (1939), and of Wald and 
Steven (1939). 

Because of this upward displacement of the adaptation curve as a whole, 
the best single criterion of visual sensibility under these conditions is the 
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final rod threshold, usually reached in about 30 minutes of darkness. In 
presenting the results of our dietaiy experiments we shall give only this 
final rod threshold. 

It should be pointed out that though this is an adequate treatment for 
the present experiments, there are circumstances when such a single 
datum is an inadequate expression of the changes in dark adaptation. 
An example is the progress of dark adaptation during alcoholic hver cirrho- 
sis (Haig, Hecht and Patek, 1938; Patek and Haig, 1939) when not only 
the final cone and rod thresholds change, but the two segments of the 
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Fig. 1. The course of dark adaptation of a typical subject on a normal diet and at 
different times on an A-deficient diet. The ordinates are the threshold intensities 
given in log micromicrolamberts. The rod threshold at 30 minutes shows the largest 
effect of the diet and because it may be established at leisure, furnishes the best 
single criterion of the change during the diet. 

curves shift relative to each other so that cone-rod transition time imder- 
goes a steady change as well. 

The curves in figure 1 show the futility of using a smgle point in the early 
stages of dark adaptation as a criterion of visual behavior. Clinical 
instruments like the biophotometer (Jeans and Zentmire, 1934; Jeghers, 
1937) and the one described by Pett (1939) rely on rapidly made readings 
in the first stages of dark adaptation. Clearly, because of the great 
speed of adaptation at the beginning, measurements in this region are most 
difficult to make -with precision, and are therefore least reliable. More- 
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over, the changes which the threshold undergoes during the A-deficient 
diet are least near the beginning of adaptation. It is hardly surprising 
therefore that such measurements are subject to statistical anomalies 
(Isaacs, Jung and Ivy, 1938) Avhich frequently make them useless (Palmer 
and Blumberg, 1937). Conclusions dra-wn from results mth instruments 
and procedures of this kind should be viewed with critical skepticism. 
It is to be hoped that whenever possible in clinical or dietary studies com- 
plete dark adaptation cun’’es be made so that the precise visual effects 
may become known. 

III. Vitamin A deficiencv and visual threshold. The first dif- 
ference which has arisen in the Avork of different investigators concerns 
the time of appearance of changes in A'isual sensitivity following the 
adoption of a vitamin A-deficient diet. With 4 subjects placed on a 
deficient diet we found an immediate and rapid rise of cone and rod thresh- 
old (Hecht and Mandelbaum, 1938). With their one subject, Wald, 
Jeghers and Aiminio (1938) similarly reported an immediate rise in thresh- 
old, Avhich has since been confirmed on an additional subject by Wald 
and Steven (1939). However, other im^estigators secured no such im- 
mediate rise, and some found none at all. Thus the 5 subjects used by 
Booher, Callison and Hewston (1939) required 16, 27, 29, 39 and 124 days 
respectively on a vitamin A-deficient diet before shoving a recognizable 
rise in threshold. Moreover, Steffens, Bair and Sheard (1939) report 
only slight and temporary rises in threshold for 3 subjects on a deficient 
diet for about six months. In fact, Wald and Steven state briefly that 
some of their subjects failed to show any rise in threshold Avhen placed on 
the same regime as the subject which responded sharply. - 

From our ovm experiments we can say that the work of all these in- 
vestigators is undoubtedly correct. There is an astonishing variability 
in the behavior of individuals, and our records can duplicate all the results 
previously reported. 

a. Experimental procedure. The procedure used Avas essentially the 
same AAuth all of our subjects. While they Avere on their normal diets 
AA'e measured their dark adaptation at frequent interv^als (daily or every 
other day) for about tAVO Aveeks. After their normal threshold leA^el 
AA'as established, the subjects were put on a diet Avhich was restricted to 
foods calculated from the tables of Daniel and Munsell (1937) to yield 
about 150 International Units of vitamin A daily. Their dark adaptation 
Avas measured frequently during the diet and the behavior of the threshold 
recorded in relation to the diet. 

- Doctor Wald in a personal communication has recently amplified this. Of 4 
additional subjects who have been kept on the deficient diet, 3 failed to show any 
rise in rod threshold after 2 months, and one subject has shown no threshold rise 
even after 4 months. 
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The 17 subjects on the deficient diet were treated in three groups as 
showTi in table 1. The first group of 4 subjects received no supplements 
of other vitamins during the A-deficient dietaiy period. The second 
group of 11 subjects received as daily supplements 125 units each of vita- 
mins Bi and G in the form of brewer’s yeast, and 1800 of vitamin D as 
irradiated ergosterol. In addition each subject had at least 300 cc. 
skimmed milk daily, and was encouraged to eat grapefruit for vitamin C. 
The third group of 2 subjects received daily supplements of 200 units of 

TABLE 1 


Effect of a vitamin A-deficienl diet on the visual thresholds of 17 young men 


GROUP 

DAILY SUPPLEMENTS 

i 

SUBJECT 

1 j 

1 TNlTIAh 

1 THRESHOLD 

1 LOO pfi\ 

DAYS ON 
DIET 

1 TOTAL 

RISE IN 
THRESHOLD 
LOG 

1 

I 

None 

H.M. 

3.00 

43 

0.90 



J.M. 

2.80 

43 

1.10 



J. Mi. 

3.15 

36 

0.90 



L. W. 

2,85 

36 

2.05 

II 

125 units Bi 

J. B. 

2.95 

60 

1.05 


125 units G 

F. C. 

3.10 

47 

0.55 


1800 units D 

D. J, 

3.10 

124 

1.60 


300 cc. skimmed milk 

S. K. I 

2.90 

103 

1.05 



H. L. 

2.65 

59 i 

1.00 


1 

W. L. ! 

2.75 

94 

2.00 



D. R. 

2.65 

43 

1.15 



F. S. 

2.95 

42 

0.70 



J. S. 

3.30 

109 

1.70 



W. S. 

3.15 

103 

1.00 



F. W. 

3.15 

82 

2.15 

III 

200 units Bi 

B. R. 

3.15 

37 

1.00 


200 units G 

H. S. 

3.05 

38 

1.15 


2000 units D 






50 mgm. C 

i 





300 cc. skimmed milk 






and G, 2000 units of D, and 50 mgm. of ascorbic acid, as well as at 
least 300 cc. of skimmed milk, 

h. Results. Figure 2 shows the rod thresholds for each subject during 
the normal diet period and during the deficiency diet period. The sub- 
jects have been arranged in a rough order corresponding to the speed 
with which the threshold rose during the deficiency period. The beginning 
of this period is marked with a heavy vertical line. 

Out of the 17 subjects, 14 responded at once to the diet with an un- 
mistakable rise in threshold. The other 3 subjects need separate comment. 
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F. C.’s threshold rose so slowly over a period of 45 days that one can 
hardly be sure of it; his experimental diet was terminated for extraneous 



T/me — Da^s 

Fig. 2. Effect of a vitamin A-deficient diet on the 30 minute rod threshold of 17 
young men. The black vertical line marks the beginning of the diet. In most cases 
the threshold begins to rise at once. 

reasons. J. S.’s threshold hardly rose over a period of 60 days, and then 
suddenly began to lise sharply and unmistakably. An almost identical 
course was followed by W. L., who showed a very doubtful rise for about 
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60 days, and then suddenly began to rise in threshold with a speed com- 
parable to the most spectacular behavior such as that of F. W. or L. W. 
One AYOuld hardly have blamed an experimenter for terminating the pro- 
cedure with J. S. and W. L. after six or seven weeks and concluding that 
the visual threshold shows no change on a vitamin A-deficient diet. 

Subject D. J. resembles in some -ways those reported by Steffens, Bair 
and Sheard. On the deficient diet his threshold first rose unmistakably; 
but it soon stopped and even dropped, only to go through another cycle 
of up and down. By the end of 3 months, though the threshold was about 
0.5 log unit above the initial normal, one would have hesitated to ascribe 
the rise to the diet, and one could have terminated the experiment as 
doubtful or even negative. However, at the end of the third month the 
threshold began to rise rapidly and extensively in the typical way already 
reported. 

Supplementation of the A-deficient diet with other \dtamins does not 
appear to influence the behavior of the threshold. Of the two subjects 
shovdng the most irmnediate responses, F. W. w'as in group II and received 
vitamin supplements, while L. W. received none. Similarly out of the 
next group of 7 subjects showing about the same degree of response, 3 were 
in group I, 2 in group II, and 2 in group III. Moreover, the 3 subjects 
who showed no immediate effects of the diet were all in group II which 
received adequate supplements of the other vitamins. 

The rise in threshold is unrelated to the initial normal threshold. This 
is evident by simple inspection. However, we computed the coefficient 
of correlation between the initial threshold and the extent of the rise 
after 36 days on the deficient diet. The coefficient is —0.25 which is 
negligible. Similarly the correlation between the initial normal threshold 
and the average rate of threshold rise also yields an insignificant 
coefficient, —0.31. 

The rate of the rise in threshold during an A-deficient diet may be taken 
as a measure of the vitamin A status of an individual. If this is so, then 
the lack of significant correlation between initial threshold and rate of 
rise during the deficient period indicates that within the normal range the 
threshold level itself can not be taken as an index of the nutritional state 
of an individual. This confirms our previous study (Hecht and Mandel- 
baum, 1939) of a university population of 110 individuals. 

c. Subjective symptoms. In contrast to the reports by Jeghers (1937) 
and by Pett (1939), only two of our subjects recorded subjective awareness 
of their raised visual thresholds. The subjects are F. W. and L. W., and 
as figure 1 shows, they gave the most extreme and most immediate visual 
response to the deficient diet. At the very end of his deficient period 
L. W. reported an accidental collision with a wall at home due quite ob- 
viously to his raised visual threshold. Similarly F. W. near the end of 
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his deficient period obsen^ed that a longer interval of waiting in the fluoro- 
scopy room was necessary before he could make obsen'’ations. 

None of our subjects reported any skin symptoms, and we obser\’’ed 
none. There were no signs of epithelial keratinization of the eye, which 
confirms a similar lack of findings by Booher, Callison and Hewston, even 
on their subject whose threshold rose 3.5 log units on an A-deficient diet. 
In the light of our experience the report by Pett (1939) of anorexia, mild 
diarrhea, sore throat, rhinitis, decrease of salivary flow, gingival ulcers, 
dry, scaly skin, and painful eyes, all in one person on an experimental 
A-free diet must be considered as exceptional. 

d. Conclusion. From our re.sults it is fair to conclude that in most 
cases (14 out of 17) when a person is put on a vitamin A-deficient diet his 
vi.sual threshold will rise almost immediately and Avill continue to rise so 
long as the diet is maintained. 

The failure of some individuals to respond for as long as three months 
may be due to an exceptional storage of vitamin A in the tissues. If 
this is so, then the reseiwe can be dravm upon for long periods without 
signs of visual deficiency, '\^^^en, however, a threshold change does begin 
to appear, the rate of change, and therefore the rate of storage depletion, 
is quite rapid. 

Storage capacity for vitamin A apparently has no relation to the amounts 
recently ingested. Steininger, Roberts and Brenner (1939) found it to 
depend more on individual capacity and on long term history. This is 
borne out by the experience of Wald and Sloven, who gave all their subjects 
a short period of high ^itamin A dosage, and still got widely different 
individual effects with the subsequent deficient diet. 

IV. Single doses of vitaisiin A. The second difference wdiicli has 
appeared in work from different laboratories concerns the effectiveness 
of single large doses of vitamin A in restoring the visual threshold after 
its rise on an A-deficient diet. There have been clinical reports of night 
blindness which has been cured within 24 hours by single oral administra- 
tions of a large quantity of vitamin A {e.g., Aykroyd, 1930; Lewis and 
Haig, 1940), as well as by intramuscular injections of vitamin A concen- 
trates (Edmund and Clemmesen, 1936) in even shorter time. In addition, 
Jeghers recorded the rapid recovery from experimental night blindness 
following the eating of large quantities of vitamin A. The most diamatic 
data are those of Wald, Jeghers and Anninio (1938), and of Wald and 
Steven (1939) obtained with a single subject each, in wiiich the return 
of the visual threshold to normal occurs within minutes after ingestion 
of even moderate concentrations of vitamin A and of carotene. 

Other investigatoiB have not been able to secure similarly rapid re- 
coveries. We (Hecht and Mandelbaum, 1939) obtained only slight effects 
with tw'o subjects w^hose threshold had risen 1 and 2 log units above 
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normal as a result of a deficient diet, when they received oral doses of 
vitamin A concentrates containing 100,000 units. Similarly McDonald 
and Adler (1939) were unable to influence with single doses the visual 
threshold of their one subject which had risen on a deficient diet. Es- 
sentially the same findings are reported by Steffens, Bair and Sheard. 

Our two subjects referred to above differed from those of Wald and his 
co-workers in having received no supplements of the other vitamins during 
their A-deficient period, and we were inclined to attribute the differences 
to this. We have now studied 7 additional subjects, all of whom had 
received supplements of other vitamins; 2 were in group III, and 5 in 
group II. The results do not bear out such an hypothesis. 

a. Procedure. The experiments were made in two ways. A subject 
whose threshold was high as the result of an A-deficient diet had his dark 
adaptation measured in the usual way. "When the tlireshold levelled off 
after 30 or 40 minutes, the subject, while still in the dark, was given a 
single dose of oleum percomorphum or of a concentrate containing a high 
value of vitamin A. During the next few hours the subject remained in 
the dark, and at frequent inter\’’als his threshold was determined in order 
to see whether the ingested mtamin A produced any effects. 

The first experiments with this method produced a good deal of boredom 
but little change in threshold in the course of several hours. The method 
was therefore abandoned for the following one. The subject had his dark 
adaptation measui’ed in the usual way. He was then given a large, dose 
of vitamin A and permitted to do what he wanted in the laboratory. 
Every hour or so after this, his dark adaptation was again measured with 
the standard procedure and the adaptation curves compared with the one 
secured before the single dose had been taken. 

h. Results. The outcome was disappointing. Not one of our subjects, 
two of whom we tested on three separate occasions, responded with a 
complete return of the threshold to normal. However, most of our sub- 
jects, as the result of single large doses of vitamin A, showed some drop 
in threshold which varied in extent among the different individuals. 

Figure 3 illustrates the couise of some of the experiments. The solid 
circles connected by a vertical line represent the maximum change in 
threshold follovdng single ingestions of about 100,000 units of vitamin A. 
The greatest effects were secured with D. -I. and F. W., but in neither 
instance did the threshold return even half way to normal (on a log in- 
tensity scale). 

The three successive trials with F. W. are significant in showing that 
on the day following each ingestion the threshold came back to its previous 
high position. Thus the effect of these single doses was temporaiy and 
cannot be considered as “cures” of night blindness. 

Table 2 gives a summaiy of the findings with the 9 subjects. It is 
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Fig. 3. Recovery from a vitamin A-deficient diet. In each case the dotted line 
represents the original threshold before the deficient diet. The black band marks 
the final part of the deficient diet, and the last few of the measurements of the defi- 
cient period are sho\vn. The dark circles connected with heavj’’ vertical lines record 
the effects of single ingestions of large doses of vitamin A. The clear band represents 
the return to a normal adequate diet. The numbers in this band indicate the follow- 
ing daily supplements: 

D. J. (1) 25,000 units vitamin A; (2) 60,000 units A, 200 units Bi, 200 units G, 
2 oranges. 

J. S. (1) 25,000 units A; (2) no supplements; (3) 60,000 units A, 200 units Bi, 
200 units G, 50 mgm. C. 

L. TF. (1) 50,000 units A; (2) no supplement — ill; (3) and (4) same as 1; (5) same 
as 1 plus 30 grams bile salts. 

J. M. (1) 50,000 units A; (2) 50,000 units carotene. 

J. Mi. (1) no supplements. 

S. K. (1) 25,000 units A; (2) 60,000 units A; (3) same as 2 plus 200 units B:, 200 
units G, 2 oranges. 

TF. iS. (1) 25,000 units A; (2) same as 1 plus 120 units Bi and G; (3) same as 1 plus 
200 imits Bi and G; (4) 50,000 units A, 200 units Bi and G; (5) 120,000 units A, 200 
units Bi and G. 

n. M. (1) no supplements. 

F. TF. (1) 25,000 units A; (2) no supplements; (3) same as 1; (4) 40,000 units A, 
200 units Bi and G; (5) 100,000 units A, 200 units Bi and G. 
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apparent that the responses to single doses are as variable as were those 
to the deficient diet. The largest decrease in threshold is 1.00 log unit; 
the smallest is 0.05 log unit, which is really no effect, since a change of 
threshold of less than 0.15 log unit cannot be considered as reliable. The 
extent of the temporary thre.shold recovery does not seem correlated with 
the time during which the subject had been on the deficient diet, nor with 
the size of the threshold rise produced by the deficient diet, nor indeed 
with the supplementary vitamins given dui’ing the diet. 

In one case (D. J.) we gave not only a high concentration of vitamm A 
but bile salts to aid in emulsification and absorption. The subsequent 

TABLE 2 


Effect of single large doses of vitamin A on the vis'ual threshold of subjects on a 

vitamin A-dcficient diet 


GROUP 

SUBJECT 

i 

i DAYS ON 

DEFICIENT 
i DIET 

TOTAIi RISE 
|0F THRESHOLD 
j ABOVE 

1 NORMAL 

1 LOO ftfii 

! 

i UNITS OP 

VITAMIN A IN 
SINGLE DOSE j 

MAXIMUM 
DROP IN 1 

THRESHOLD ' 
LOG 1 

TIME FOR 
APPEARANCE 
OP MAXIMUM 
DROP 




mam 



hours 

I 

J. M. 

41 


11,000 

0.05 

8 



42 

msm 

30,000 

0.10 

8 



43 

1.10 

50,000 

0.20 

8 


L. W. 

35 

2.00 

100,000 

0.40 

6 

II 

D. J. 

124 

1.60 

100,000* 

0.70 



S. K. ! 

103 

1.05 

100,000 

0.11 

5 


J. S. 

109 

1.70 

100,000 

0.23 



W. S. 

103 

1.00 

100,000 

0.28 

5 


F. W. 

68 

2.15 

100,000 


3| 



73 

1.90 

100,000 


3 



82 

2.00 

100,000 

0.55 

31 

III 

B. R. 

37 


150,000 


6 


H. S. 

1 

38 

1 

HH 

400,000 


6 


* Plus bile salts. 


reduction in threshold was no greater than without bile salts in other 
instances, as for example with F. W. 

In short, the reasons for the differences between our results and those 
secured by Wald still remain to be discovered. In the light of all the 
variation encountered, it is likely that Wald’s two subjects may have 
been, by a curious statistical twist, extreme variates in an ordinary popula- 
tion distribution, 

V. Recovery. The occasionally dramatic effectiveness of single doses 
has given the impression that visual recovery from an A-deficient diet is 
a matter of hours or perhaps days. Our previous experience showed that 
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it required at least 2 months after resumption of a normal diet with or 
without supplementation of vitamin A for a return to normal. Similar 
reports have been made bj" McDonald and Adler, and by Steffens, Bair 
and Sheard. Our present experiments further confirm these findings. 

We w'ere able to follow' for over two months the histoiy of 9 out of the 
17 subjects wiio had been on a deficient diet, and wiio had returned to a 
noimal diet containing about 10,000 units of vitamin A. During this 
subsequent normal period the subjects received a variety of treatments 
ranging from no supplements at all to generous additions of vitamins A, 
Bi, G, and C. The details of these supplements are given in the legend 
to figure 3. 

Figure 3 shows that there is great variation among the suljjects during 
recovery. Only 3 individuals (D. J., J. M., J. Mi.) recovered completely 
during the period of observation. We consider a recovery as complete 
when the thre.shold returns to within 0.3 log unit of the initial normal 
thre.shold; this is because a range of 0.3 log unit is not uncommon in the 
threshold of a single person measured over a long period of time. Of the 
remaining subjects, 4 (J. S., L. W., S. K., W. S.) W'ere obviously on the 
road to recovery, w'hile 2 (H. M., F. W.) show'ed a persistently elevated 
threshold throughout the three months of obser\'ation. 

The most significant point wiiich these data show' is that visual recovery 
from an A-deficient diet is a mailer of weeks and months, and not of hours 
and days. The fastest recoveiy w'as made in 6 w'eeks; the slow'est w'as 
not complete after 3 months despite the fact that in one instance (F. W.) 
the supplementary daily dosage of \'itamin A w'as raised to 100,000 units 
and that other %’itamins were given in addition. 

It is necessary to add that even these e.xtremely slow individuals ulti- 
mately recover. A year after the experiment w'as terminated w'e w'ere 
able to measure J. M. w'ho had practically reached normal after 3 months 
and F. W. whose threshold had remained 1.2 log units above normal even 
after the same time. In the subsequent year both had become completely 
normal. In fact F, W’s. threshold, w'hich had been so alarmingly high, 
had dropped even below its original normal level. 

The 4 subjects w'ho recovered most rapidly illustrate the difficulties of 
drawing conclusions about the phenomenon. Of the two who recovered 
fastest (J. Mi., and D. J., 40 and 41 days respectively) one (J. Mi.) had 
received no supplements of any kind either during the A-deficient period 
or during the recovery period, w'hile the other (D. J.) had received supple- 
ments of the other vitamins during the deficient period, and of A and the 
other \'itamins during the recovery period. Of the other 2 subjects J. M. 
had received no supplements during the deficient period and 50,000 A units 
daily during recovery, while J. S. had received supplements of the other 
vitamins during the deficient period, and none during recovery (except 
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for the last few days). In other words, on the basis of these experiments 
one cannot find any effects of special dietaiy supplements on recovery 
rate. The recovery rate from a vitamin A-deficient diet almost seems an 
inherent property of the individual. 

It is of course possible that we have missed some critical factor in all 
this procedure. We are inclined to doubt this because of the large varia- 
tion shown by individuals during the period of the deficient diet. If 
individuals vary so much in their rate of depletion, it is not unreasonable 
to assume that they also vary in their rate of recovery. In any case, the 
important thing to emphasize is that recovery from vitamin A deficiency 
is a veiy slow process and that dramatic recoveries in short times are ex- 
ceptions rather than the rule. 

SUMMARY 

1. Measurements of the dark adaptation of 17 young men made before, 
during, and after their stay on a vitamin A-deficient diet show that cone 
and rod visual functions are both affected by the diet. The cone thresholds 
rise less than the rod thresholds, but their behavior is approximately 
parallel. The best single criterion of these changes is the final rod thresh- 
old after 30 minutes in the dark. 

2. When subjected to the deficient diet, most individuals (14 out of 17) 
responded by an immediate and unmistakable rise in visual threshold 
which continued for the duration of the diet. The other 3 subjects required 
22, 55 and 60 days respectively before giving a clear and continuous rise 
in threshold. None of the subjects showed any skin symptoms, and only 
the two most extremely affected individuals recorded a subjective aware- 
ness of their raised visual thresholds. 

3. Partial recovery of the visual threshold was accomplished in some 
individuals by single large doses of vitamin A. The extent of the recoveries 
was variable. The recoveries Avere never complete and Avere ahvays 
temporary. 

4. Peimanent recovery from an A-deficient diet AA^as sIoav, requiring 
AVeeks and months. The fastest subject returned to normal in 6 Aveeks; 
the sloAvest maintained a high threshold for over 3 months, but had re- 
covered completely after a year. 

5. Efforts to influence the visual responses during and after the A-de- 
ficient diet by supplementation with other Autamins yielded only negative 
results. 
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The nature of the r61e of tin in animal and plant physiology is not well 
known. Although tin has been reported from time to time as occurring in 
traces in the mammalian body (3, 4, 14), it has not been commonly 
regarded as important. Fearon (6) in his classification of the elements 
according to their relations with life includes tin among the variable 
micro-constituents; but Godden (8) concludes that there is no evidence to 
indicate that it exercises any useful function in animal nutrition. 
Richardson (13), on the other hand, regards tin, along Avith rubidimn and 
aluminum, as accessory factors in animal nutrition, and adds that the 
physiological significance of these is still imperfectly imderstood. 

The present report is an outgrowth of long and carefully executed 
laboratory studies on the rate of growth of goldfish in which it has been 
foimd that these animals grow somewhat, yet significantly, faster in 
water in which other goldfish have previously lived, for a limited period, 
than in othenvise uncontaminated water (1, 2). The last paper on this 
work (2) indicated that when the synthetic pond water, in which the 
fish lived, was made up with water from an aluminum-lined still, the 
growth results differed appreciably from those obtained when the water 
from a block-tin-lined still was used. Briefly, in the latter case, there 
was a greater growth of both the control fishes in uncontaminated water 
and of the experimental fishes in conditioned water, as against the growth 
of comparable groups in water from an aluminum-lined still; and also, 
the difference between the control and the experimental groups was 
significantly greater when the tin-lined still was in use. 

In order to test the conclusion that tin, probably in ionic form, 
may have been responsible for these results, the present set of experiments 
was carried out. Here, stannous chloride was added in trace concentra- 
tions to the synthetic medium used for the fishes. This mediiim is a 
“s3mthetic pond water” developed in this laboratorj'^ for work vdth fishes 
and other aquatic forms. It consists of distilled water, in this case from 
an aluminum-lined still, to which salts of analj’-tical quality are added in 
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following quantities per liter: 100 mgm. CaCl2-4H20, 50 mgm. 
MgS 04 - 7 H 20 , 50 mgm. K 2 SO 4 , and 50 mgm. NaNOs. It was found, 
empiricall}’-, that a concentration of SnCh of the order of magnitude of 
0.000005 M would not increase the .specific conductance of stock distilled 
water (with a value of 2 x 10“® reciprocal' ohms) beyond our arbitrarily 
set upper limit for “good” distilled water of 4 x 10“® reciprocal ohms. 
Concentrations of tin up to this strength might conceivably have been 
present in the water during experiments when the tin-lined still was in 
use. 

The methods for handling the fi.sh have been described in detail else- 
where (1, 2). In summaiy, immature single-tailed goldfi.sh (Carassiv^ 

TABLE 1 


Increase in growth of fish; analyzed by experiment 



CONCENTRA- 
TIOK 10-« M 

I IKCREABE IK LEKCTH 

1 NUMBER or FISH 

EXPEnniEKT 1 







Tin 

Control 

Difference 

Tin 

Control 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 


4.2 

0.73 

0.41 

mM 

9 

10 



1.17 

0.45 

mSBM 

9 

9 



0.89 

0.85 

0.04 

9 

• 10 



1.22 

1.04 

' 0.18 

10 

10 

F24a ! 


2.56 

1.69 

i 0.87 

15 

14 

F2oa 

5.0 

0.75 

0.61 

0.14 

19 

18 

F25a 

2.5 

0.43 

-0.18 

9 

F25b 

5.0 

0.72 

0.60 

0.12 

17 

19 

F26at 

5.0 1 

1.51 

1.13 

0.38 

15 

14 

Mean 

1.11 

0.82 

0.29 

112 

104 


* “a” indicates that unoontaminated water was used as the medium, “b” that 
fish-conditioned water was used, 
t Assay period of 14 days. 


aurahis) ranging in length from 30 to 45 mm. were studied for their growth 
during brief assay periods, usually 20 days. Photographs taken before 
and after each period were measured and the increase in length is reported, 
here in artificial units (1 unit = 0.82 mm.). The fish were kept singly 
in one-gallon, glazed earthemvare jars, filled to 2 liters, and were changed 
daily to carefullj’- wa.shed similar jars containing freshly prepared water. 
The fish were usually fed during the last 3 hours of a 24 hour period so 
that, during each day, they were not in contact vdth food, except for the 
presence of minute regurgitated particles in the fish-conditioned water; 
otherwise they were in clean (food-free) water. The food consisted of 
ground diy Quick Quaker oats. 
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In some experiments, in connection -with other work, fish conditioned 
water was used as a medium for the assay fish. The fish which were 
used to prepare this water were larger, averaging 70 mm. in length, and 
were kept in similar but larger jars which held 6 gallons of water, and 
these fish were also changed to fresh water daily and were fed in water 
other than that which they were conditioning. 

The SnCl 2 was prepared in stock solutions of 0.01 M; this was added 
daily to the water to be conditioned and to the uncontaminated water, 
as the case may be, in appropriate amounts to secure the desired final 
concentration. No attempt was made to prevent the formation of stannic 


TABLE 2 

Increase in growth of fish; analyzed by paired fish 


EXPEBIMENT 

(1) 

CONOENTHATION 

10-«M 

(2) 

NmiBEn OF PAIRS 

i (3) 

INCREASE IN LENGTH 

Sum of differences 
by experiment 
j (4) 

Mean difference 
by experiment 
(6) 

F20a 

4.2 

9 

2.6 

0.29 

F20b 

4.2 

8 

5.7 

0.71 

F2la 

4.2 

9 

1.2 

0.13 

F2lb 

4.2 

10 

1.8 

0.18 

F24a 

4.2 

14 

11.1 

0.79 

F25a 

5.0 

17 

3.1 

0.18 

F25a 

2.5 

8 

-1.1 

0.14 

F25b 

5.0 

16 

2.1 

0.13 

F26a 

5.0 

14 

1 

6.0 

0.43 

Total 


105 ^ 

32.5 


Mean 



0.31 ! 



ions, or to control the appearance of insoluble hydroxides by the use of 
acid since it was not desired to change the customary pH relations. The 
white suspension which began to appear in the stock solutions at about 
the 10th day of the experiment was simply stirred and added to the 
synthetic pond water as the stannous chloride had been previously. 

The data were analyzed for statistical significance by “Student” ’s 
method.^ This was done in two ways: a, the mean differences in increase 
in length between treated and control fish were tabulated by experiment 
and the mean of means was analyzed; h, the differences between pairs of 
fish, randomly coupled within each experiment, were averaged and this 

' Statistical significance is measured by P, calculated by “Student” ’s method, 
which is designed for situations where relatively small numbers of observations are 
involved. P = 0.05 is equivalent to 2 X the standard error, or 3 X the probable 
error, and is taken as the upper limit of statistical significance (7, 16). 
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mean of differences was tested.- The results of the anal5^sis by both the 
paired experiment and the paired fish methods are shown in tables 1 and 
2, respectively. From the former it will be seen that in 9 comparisons, 
by experiment, the fish in tin-treated waters grew, on the average, 0.29 
unite more, in the indicated assay periods, than did the control fish in 
tin-free water, and this is significant for P — 0.0316. "i^Tien the case of 
2.5 X 10~® M concentration is omitted, the difference between the tin- 
treated and the control fish becomes 0.35, and since P = 0.0132 this is 
even more significant. 

In table 2, where the same data are analyzed by the paired fish method, 
similar results are obtained. Here, the over-all difference is 0.31 and, 
since P = 0.000318, is to be taken very seriously. Again, when the 
atypical group with the 2.5 x 10“® M concentration is omitted, the differ- 
ence, now 0.35, has an even more significant P value of 0.000096. This 
means that there are onl}'' 96 chances in a million that this result would be 
obtained by random sampling. 

It should be stated at this point that only in experiments F20b and 
F24a of both tallies, and also in F20a in table 2, did the differences show 
significance when analyzed witliin each experiment. However, it will 
be seen, by reference to column 5 in each table, that in 8 of the 9 experi- 
ments there was a positive trend, and that this trend is significant is 
indicated in the preceding paragraphs. 

From these data it may be concluded that tin in one or other of its 
ionic forms, probably the stannous, promotes growth in goldfish under 
experimental conditions. This conclusion supports the inference made in a 
previous paper (2) that the change from a tin-lined to an aluminum-lined 
still may have affected the composition of the distilled water sufficiently 
to account for the observed changes in growth which accompanied the 
transfer of stills. Specifically, it seems quite possible that the tin-lined 
still gave off enough tin, evidenced bj’’ the observed rapid corrosion, to 
affect favorably the rate of growth of the fish, and the absence of traces 
of tin when the aluminum-lined still was in operation resulted in a de- 
creased rate of growth under a variety of conditions. 

That traces of tin may contaminate distilled water is suggested by 
the work of Stout and Amon (15) who report that ordinary distilled 

X 

^ In a the formula t= /'Zx'^ — xSx was employed; here x represents the mean 

y n(n — 1) 

difference in each experiment (column 5), x the mean of means, and n the number of 
experiments. In b the same formula was used, but here x is the difference in 
increase in growth for each randomly chosen pair, x the mean of such differences, 
and n is the number of pairs. P is obtained from a table of probabilities for “Stu- 
dent” ’s distribution. 
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water contained a variety of metal contaminants, varying from 0.1 to 

0.01 part per million, and w'hicli were traced to tin-lined copper stills 
and to the metal piping through which the distilled w'ater circulated. 
Earlier, in 1933, Hance (9), using spectroscopic analysis, found traces of 
tin, as well as of zinc, copper, lead, nickel, and chromium, in the distilled 
water prepared at the Hawaiian Sugar Planter’s Experimental Station. 

The stimulating properties of tin for biological systems are not unknown. 
Micheels and De Heen (12) and again Micheel (11) found that colloidal 
tin stimulated the geraiination and early growth of w^heat, oats, peas, 
and buckwheat. Yoshida (17, 18) reported that colloidal tin, as well as 
the colloidal preparations of other metals, accelerated the growth of 
fibroblasts and of splenic tissue in vitro w’hen present in moderate concen- 
trations, while it inhibited grow'th at higher and had no effect in lower 
concentrations. Hotchkiss (10), working with suspensions of B. coli 
communis, found that for a large number of salts of heavj’- metals, each 
salt w’as toxic at some concentration, but that in many of these salts a 
concentration was found w'hich stimulated the growth of the treated 
bacterial suspensions over that of the untreated control. SnCfi was found 
to be stimulating at 0.00005 to 0.000005 M. Similarly, Young (19) found 
that tin stimulated the grow'th of timothy w'hen present at 100 parts 
per million, and of algae when the concentration was between 0.002 and 
0.004 part per million. Cohen (5) also found that tin in concentrations 
of 0.01 and 0.05 parts per million, as stannic chloride, stimulated root 
grow’th in sunflowers. 

It wdll thus be seen that the bulk of the w'ork on the stimulating proper- 
ties of trace quantities of tin has been done in the fields of botany. The 
present paper indicates a possible role of tin in the metabolism and groAvth 
of fishes. Tissue cultures aside, so far as we know, there is no record 
of any previous work with tin with similar results on any of the classes 
of vertebrates. 


SUMMARY 

1. Tin, as stannous ion, in concentrations of the order of 0.000005 M, 
has been found to accelerate the growth of goldfish, during brief assay 
periods, over that of untreated control fish. 

2. This report extends, for the first time, the stimulating properties of 
traces of tin to the growth of vertebrate organisms. 
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Andei'sen (1932) in reviewng her o^vn experiments and the studies of 
other workers upon thymectomized animals concluded that there is little 
or no relationship between the thymus and the gonads. In most of these 
studies thymectomies were perfonned in animals at least 20 days old. 
However, Andersen stated that in some of her rats the thymus was re- 
removed on the first day of life. Extensive data on these latter animals 
were not presented but the comment was made that no effects on vaginal 
canalization or development were noted. 

Shay and his co-workers (1939) have since reported that irradiation of 
the thymus area in the 1 or 2 day old rat with massive doses of x-ray 
produced complete atrophy of the thymus. They also reported a re- 
tardation of growth in the males, an absence of sperm from the testes in 
animals 100 days old, and the presence of castration cells in the pituitary. 
However, if x-rayed males were permitted to live for 200 days they were 
essentially normal, i.e., spermatogenesis was resumed and castration cells 
disappeared from the pituitary. 

Hashimoto and Freudenberger (1939) have criticized this work, but 
their data presented on thymectomized animals fails to clarify the issue 
since they used older animals (25 days). They feel, as we do (Nelson, 
1939) that the thyroids must have been damaged by secondary irradia- 
tion in the experiments of Shay. It is unlikely that the thyroids were 
completely destroyed, since that would lead eventually to a complete ces- 
sation of growth (Salmon, 1938), but it seems probable that they were 
damaged enough to produce thyroidectomy cells which appear to be 
identical with castration cells (Nelson and Hickman, 1937 ; Severinghaus, 
1937). 

Dr. J. C, Plagge of the University of Chicago has kindly informed us 
that he has been unable to find any differences in the time of appear- 
ance of sperm heads between normal or sham operated controls and rats 
thymectomized at 1 day of age. Growth of both soma and gonads was 

^ This work was aided by a grant from the Committee on Scientific Research of 
the American Medical Association. 


671 



672 


ALBERT SEGALOFF AND WARREN O. NELSON 


unaffected by the operation, a finding which held as well for the hor- 
mone output of the testis. 

Putzu reported in 1934 that thymectomy in 6 successive generations of 
rabbits had no effect on growth or development. However, Einhom and 
Ro^vntree (1936a, b; 1937) stated that thymectomy in successive genera- 
tions of albino rats resulted in an accruing retardation of growth and 
development. This will be recognized as the reverse of results reported 
by these workers in successive generations of albino rats treated with 
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Fig. 1 


TABLE 1 
Development 
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1 
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ERtirr 
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Weight 
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Days j 





days 


days 

days 

days 

Normal 

85 ±16.2 

137 ±10.9 

40 ±5.3 

40 ±5.5 

19 ±1.4 

2.5 

Bil 

15.8 

Thymectomy . 

94 ±16.6 

146 ±10.2 

40 ±5.7 

41 ±5.5 

17 ±1.4 

2.5 

Ira 

14.4 


thymus extract (Hanson). Thymectomized animals which were treated 
with the extract grew normally or showed a slight acceleration (1938). 

Chiodi (1938a, b) has reported that thymectomy in five successive gen- 
erations of albino rats failed to alter the course of growth or development. 

Experimental. All members of a litter of albino rats were thymec- 
tomized at 21 days and weaned at 25 days. This litter Avas used to ini- 
tiate the experimental series. Thymectomies were performed uniformily 
at 21 days by the usual sternal approach. The method was essentially 
that of Einhom (1936a), with the addition of t 3 dng in the end of the 
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thread for closure of the thorax before making the sternal incision. The 
operative mortality was approximately 5 per cent. Control animals were 
housed in adjacent cages under rigidly standardized conditions and were 
inbred to the same extent and over the same period as the experimental 
animals. All observations were made and recorded at the same time 
each day. The animals were fed our stock diet of Ti-O-Ga dog chow and 
water with the semi-weekly addition of lettuce. Animals which were not 
reserved to cany on the next generation were sacrificed at 70 days and the 
viscera were carefully weighed. 

Although 6 generations have been studied,- the extensive data for the 
5th generation only are being presented since the larger number of animals 

TABLE 2 


Body weights and dimensions ® 70 days 
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HIND 
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OratM 

mm. 

mm. 

mm. 

mm. 

Normal 

25 1 

216 ±21 

195 ±6 

165 ±9 



Thymectomy 

Females 

17 

225 ±13 

197 ±5 

171 ±7 

152 ±11 

203 ±13 

Normal : 

23 

155 ±13 

179 ±7 

154 ±7 

154 ± 6 

195 ±13 

Thymectomy 

24 

161 ±14 

178 ±5 

159 ±4 


182 ±16 


TABLE 3 

Organ weights @ 70 days. Weights in milligrams 


MALES 
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ADRE- 

NA1£ 

THY- 

ROID 

PITUI- 

TARY 

HEART 

j 

TESTIS 

SEMINAL VESICLE 
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Normal 

477 ±08 

1,050 ±156 

35 ± 5 

18 ±4 

8.4 ±1.2 

785 ±89 

1,235 ±146 



Thymectomy.... 


077 ±138 ' 



8.8 ±1.9 


1,301 ± 93 

295 ±67 


Females 






1 

Ovaries 



Normal 

378 ±G9 



17 ±3 


612 ±58 

59'± IS 



Thymectomy . . . 


667 ± 70 

44 ±17 

10 ±3 

j 8.3 ±1.2 

563 ±04 

6S± 11 




in this group gives the data a greater statistical significance. However, 
these figures for the 5th generation might well apply to any of the other 
5 generations. 

An examination of the growth cuiwes in figure 1 wall show the complete 
absence of any retarding effect of thymectomy upon the rate of growth. 
Indeed, the thymectomized animals, both males and females, were slightly 
larger than their corresponding controls. 

The absence of differences in the occurrences of developmental events is 
shown in table 1. The fact that the body length at vaginal canalization 
shows the smallest proportionate standard deviation of any of the criteria 
measured argues in favor of the reliability of the obseiwations since Engle 
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and his associates have pointed out that of all the criteria which can be 
measured at vaginal canalization, body length show the least deviation. 

The body weights and dimensions and the organ weights at 70 days 
(tables 2 and 3) for experimental and control animals show no differences 
as great as one standard deviation. 

SUMMARY 

Thymectomy on the 21st day of life in six successive generations of 
albino rats has not altered the rate of growth in males or females. Fur- 
thermore, in none of the developmental events which we have studied 
has there been any departure from the normal time of occurrence. In all, 
69 males and 60 females were thymectomized, while 124 males and 139 
females were studied as controls. 
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In one of the more recent studies of the effects of inflation and deflation 
of the chest (Hammouda and Wilson, 1932) alterations of pulmonary 
volume were obtained by vaiying the pressure around an animal in a bod}'- 
plethysmograph. The conclusions of these authors differ in several 
respects from those of previous workers. The observations to be re- 
ported in this paper were made by a similar method. They do not, how- 
ever, support the more distinctive conclusions of Hammouda and Wilson 
as to the functions of afferent fibers in the vagus nerves. The difference 
in our conclusions is due in part to the introduction of another method 
of analyzing the reflex effects of the vagi, making use of measurements of 
resistance to inflation and deflation of the chest. In addition, some 
information is presented as to the effect of vagotomy on the carbon dioxide 
and oxygen content of arterial blood which has a bearing on the inter- 
pretation of the effects of I'agotomy. 

Methods. In all experiments cats Avere used, either decerebrated under 
ether at a level just above the superior colhculi, or lightly anesthetized 
with chloralose and urethane (40 mgm. and 0.4 gm. per kgm. respec- 
tively), supplemented with ether during the preparatory operations. 
On two occasions Dial was used intraperitoneally. After tracheotomy, 
isolation of the vagi and (when blood pressure was to be recorded) can- 
nulation of one carotid, the animals were placed in a body plethysmograph. 
Air-tight closure around the base of the neck Avas secured Avith plaster of 
Paris. An outlet from the plethysmograph Avas connected, as illus- 
trated in figure 1, Avith a 20-liter bottle and Avith a mercury manometer 
by which the degree of inflating or deflating force was controlled. Some- 
times the manometer Avas arranged to record the inflating or deflating 
pressure. The purpose of the large bottle Avas to minimize the changes of 
pressure in the plethysmograph during the animals’ respiratory move- 
ments. Breathing was recorded by a spirometer of the Krogh type, con- 
nected through a soda lime cannister to the tracheal cannula. Oxygen 
was bubbled into the closed system just fast enough to replace that con- 
sumed. This arrangement alloAvs the quantitative measurement of a, 
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the tidal air; b, the immediate change in lung volume on vagotomy; c, the 
change in lung volume on inflation or deflation; d, the resistance to infla- 
tion and deflation, which can be expressed as the ratio of applied pressure, 
to the change in lung volume. 

In the decerebrate animals, both carotids were tied, thus securing 
uniform stimulation of the receptors of the carotid sinus region before and 
after vagotomy. The possibilit 3 ’’ of pressure changes in the aortic region 
affecting the results is not eliminated, nor is the effect of changes of blood 
pressure acting on the medulla. 



Fig, 1. A is a cannister containing soda lime connecting a tracheal cannula in 
the cat with the spirometer; B is the body plethj^sraograph ; C, a twenty-liter bottle; 
D, a side-arm for the application of suction or pressure; E, a manometer. 


E-EsuiiTS. The results most typical in this series will be presented first. 
Interesting but irregular results will be dealt with for the most part in the 
discussion. 

Typical effects of inflation and deflation before and after vagotomy 
are shown in figures 2 and 3. With sufficient inflation there was as a rule 
a pause in the breathing, during which a progressivelj’- mounting expiratory 
effort was verj’’ evident on the tracing. This was terminated abruptly 
by a vigorous inspiratory effort. The cycle then repeated itself with in- 
creasing frequenc 3 % in consequence no doubt of the inadequate pulmonary 
ventilation. 

On deflation of the cbest there was in most experiments (12 out of 15) a 
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prompt increase in frequency. In the most sensitive of the animals a 
decrease of 5 cc. in a cat weighing 2.2 kgm. was sufficient to double the 
respiratory rate. 



Fig. 2. Showing the respiration and effects of inflation of the chest of cat C 
(decerebrate), A about five minutes before and B about five minutes after double 
vagotomy. —16 and —22 refer to the negative pressure in the plethysmograph in 
millimeters of mercury. Note the greater lung volume during distention with the 
same negative pressure after vagotomy. Time interval, 5 sec. 



A B 

Fig. 3. Tracing from cat B (decerebrate), shows in addition, the effects of defla- 
tion of the chest and a record of blood pressure. A was taken about three minutes 
before and B about three minutes after vagotomy. Little a marks the period of 
application of a negative pressure of —22 mm. Hg., both before and after vagotomy. 
Little h marks compression of the chest Ipf successive application of 5, 10, and 15 mm. 
Hg positive pressure both before and after vagotomy. 

After vagotomy the following changes are demonstrated in figures 2 and 
3. 1. The lung volume at the end of expiration is unchanged (fig. 5). 

(This was true in nine out of ten experiments.) 2. The respiratoiy rate 
is slower. Only two cats which were rather deeplj'- anesthetized failed to 
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show this change. 3. No pause in breathing follows inflation. 4. The 
.shape of the tracing during inflation suggests decreased expiratoiy effort. 
5. The resistance to inflation is le.ss. 6. On deflation no increase in fre- 
quency^ is evident, nor did it occur in any experiment. 7. The re.sistance 
to deflation is also less. 8. The speed of inspiration within two minutes 
after vagotomy is definitely^ slower than before vagotomy (fig. 4). This 
effect was observed in four out of eight experiments; in the other four no 
definite change was demonstrable. 

The observation that vagotomy often decreases the speed of in.spiration 
substantially confirms the findings of Gesell, Steffenson and Brookliart 
(1937). Hammouda and Wilson, however, report that immediately 
after vagal section the insiiirations arc dee])er and faster, only settling 



Fig. 4 Fig. o 


Fig. 4. A faster record showing a decreased speed of inspiration (less slope) after 
vagotomy. A two minutes before, B two minutes after vagotomj'. 

Fig. 5. Shows the constancy of lung volume at the end of expiration of cat B 
after cutting the right vagus, R, and the left vagus, L, in the neck. 

down to their previous .speed after about half an hour. It seemed im- 
portant to determine the part played by the level of the chemical stumulus 
after vagotomy in these variable results. 

Blood gases after vagotomy. Five animals were used, three decerebrate 
and two anesthetized with chloralose and urethane. They were i)re- 
pared as in other experiments by tracheotomy^ isolation of the vagi and 
cannulation of one carotid arteiy. Four samples of arterial blood were 
taken at twenty^ to twenty’^-five minute intervals, two before vagotomy^ and 
two after, and analy^zed for carbon dioxide and oxy^gen in a Van Sly'^ke 
apparatus. In eveiy instance the arterial CO 2 content was higher ten 
minutes after vagotomy’^ than it was ten minutes before vagotomy^ The 
smallest rise was 0.3 v.p.c., the large.st 2.5 v.p.c. Consequently'^ it may 
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be assumed that the slower speed of inspiration after vagotomy could 
hardly have been due to a lower arterial CO 2 content. The cases in which 
no definite change in the speed of inspiration could be detected may well 
have had sufficient rise in arterial CO 2 to offset the tendency of vagotomy 
to decrease the speed of inspiration. In the second blood sample taken 
after vagotomy (i.e., one-half to one hour after vagotomy) the CO 2 had, 
in all cases but one, fallen. It is hard to say, without further experiment, 

TABLE 1 


Effects of vagotoiny on the gases of the arterial hlood 



TIME IN MINUTES 

b 

29 

42 

1 

55 

79 

Cat 1, anesthetized 

CO» v.p.c ' 

29.2 

18.3 

29.5 

17.5 

Vagotomy 

Vagotomy 

1 

32.1 

18.2 

33.5 

17.7 

Oi v.p.c 
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CO 2 

0 

25 

34 

47 

G5 

30.6 

18.2 

28.7 

15.8 

Vagotomy i 
Vagotomy 

29.5 

14.8 

22.6 

14.5 

0« 

■ 

Cat 3, decerebrate 

CO 2 

0 

30 1 

40 

60 

65 

27.0 

17.2 

23.9 

16.2 

1 

Vagotomy 

Vagotomy 

25.6 

15.7 

25.1 

15.7 

0. . 

Cat 4, decerebrate 

CO 2 

0 

22 

27 

44 

99 

36.0 

15.6 

37.7 

15.1 

Vagotomy 

Vagotomy 

38.9 

15.4 

35.0 

14.7 

O 2 

Cat 6, anesthetized 

CO 2 ' 

0 

28 


so 

74 

44.8 

16.2 

43.7 

15.7 

Vagotomy 

1 Vagotomy 

44.0 

15.7 

42.1 

15.4 

O 2 



whether this delayed fall in arterial CO 2 is due to overventilation or to cir- 
culatoiy or metabolic effects of vagotomy. The O 2 content of the blood 
declined slightly in all the series, the last sample containing 1 to 3 v.p.c. 
less oxygen than the fii’st. 

The great increase in speed and depth of inspiration after vagotomy 
in Hammouda and Wilson’s experiments may have been due to the use of 
morphine, since according to Henderson and Rice (1939) one of the 
effects of morphine is to augment the effectiveness of the vagal impulses 
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inhibitory, to inspiration. The relation of changes of blood pressure to 
these results will be considered later. 

Resistance to inflation and deflation. In figures 2 and 3 are shown the 
changes in lung volume produced by equal pressure changes before and 
after vagotomy. After vagotomy the changes in lung volume to both 
inflating and deflatmg pressures are definitelj’- greater. It is difficult to 
interpret these effects otherwise than as due to removal of active resistance 
to deflation (by in.spiratory muscles) and activ'e resistance to inflation (by 
expiratorj'- muscles). For example, it is difficult to see how increased in- 
spiratory acti\dty due to release of inhibition by the vagi could possibl}" 
explain a decreased resistance to deflation, as well as to inflation. Nor 
would the invocation of decreased inhibition to both inspiration and ex- 
piration explain the facts any better. Speaking strongly for an augmen- 
tor influence on expiration transmitted bj’’ the vagi during inflation, is 
the gi-eater amplitude of breathing during inflation before vagotomj', 
whereas at normal lung volume the amplitude is greater after vagotomy. 

After pitliing the brain and cord there is a still further slight decrease 
in resistance to inflation, but not to deflation. In addition, there is a 
loss of elasticity of the chest in the sense that the chest does not quite re- 
turn to its original volume after distortion. Apparently after complete 
denervation the chest is, within certain narrow limits (e.g., 25 cc. in a 
3 kgm. cat) plastic. It stays at the volume at which it is set. 

Discussion. The reactions, of the completelj’’ denervated chest raise a 
question as to the propriet}' of the term "passive expiration.” It seems 
hardly proper to apply the teim passive to an expiration in which tonically 
active muscles participate. And it seems even less proper to apply it if 
the tonically active muscles have been reciprocal!}’' inhibited during in- 
spiration. Perhaps an even more importarft reason for abandoning the 
term "passive expiration” is that while it is easy enough to distinguish 
expirations of vaiying degrees of activity, it is a practical impossibility to 
determine that any expiration, is purely passive, i.e., unassociated with 
any increased activity in any expiratory muscle. 

Hammouda and Wilson (1932) conclude that "there is no evidence of an 
immediate active expiratory response to e.xpansion or an inspiratory re- 
sponse to collapse implied in the Hering-Breuer hypothesis.” This state- 
ment is perhaps understandable in view of these authors’ preoccupation 
vdth the phenomena of increased frequency on deflation and decreased 
frequency on inflation, but can hardly be accepted. Examination of their 
own tracings for changes of resistance to inflation on vagotomy gives the 
evidence which they have overlooked. Even casual inspection of their 
tracings suggests a definite difference in the character of expiration during 
inflation, before and after vagotomy. They appear to have been misled 
by two conditions of their experiments. 1. The use of progressively 
increasing pressures for expansion and compression, instead of steady 
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pressures. 2 . The occurrence of definite changes in lung volume on vagot- 
omy in their published tracings. 

Changes in lung volume on vagoiomy. In this series in onlj" one exiieri- 
ment out of ten was there a change in lung volume after vagotomj^ which 
lasted more than one minute. In that experiment the lung volume at tlie 
end of expiration was increased for an indefinite period. In most of the 
other experiments only a transitor3’’ increase or decrease lasting for onh' 
two or three breaths was observed. The tracings of Hammouda and Wil- 
son show in one case a considerable increase, in the other a considerable 
decrease after vagotom3L Head ( 1889 ) describes prolonged tonic contrac- 
tion of the diaphragm after vagotom3’- as t3Tiical, but not invariable. The 
state of the chest or degree of expansion of the lung immedialel3’ prior to 
section is not alwa3''s specified and must pla3’' an important part (Hess, 
1936 ). The fact that no change of lung volume occurred on vagotom3' in 
most of these experiments must mean that either no change occurred in 
tonus of the respiratoiy muscles or that changes of equal effectiveness 
occurred in the expiratoiy and inspiratoiy muscles. This is important 
in the interpretation of the larger lung volume at the end of expiration 
during inflation after vagotom}’’,- which might be attributed to decreased 
activit3’- of expiratory muscles or to relative^" increased activity of in- 
spiratoiy muscles at the end of expiration. The latter explanation is in- 
compatible with the finding of unchanged lung volume at the end of ex- 
piration when under no distorting pressure. 

It is not suggested that active expiration is entirely dependent on af- 
ferent vagal impulses. Adrian ( 1933 ) has noted its presence after vagot- 
omy, as evidenced b}’- action currents in expirator3’- muscles. Evidence 
to the same effect has been obtained in experiments in this series b3' 
attaching a Cushny recorder to the rectus abdominis muscle. Rh3dhmic 
inhibition and activity were not easity detected during quiet breathing but 
were very evident durmg asph3'xia. Similar expiratoiy aclivit3’ was 
observed during asplyrxia after vagotom3L There was, however, a veiy 
definite delay after the cessation of inspiration before the onset of the 
expiratoiy contraction as contrasted with an immediate sequence of ex- 
])i ration after inspiration before vagotom3L 

In view of the suggestion of Hammouda and Wilson that the increased 
frequency of breathing on deflation was due to tonic impulses augmentor 
to frequency acting on a pneumotoxic centre when these impulses Avere 
opposed by fewer inhibitory impulses generated b3^ stretching of the lungs, 
it seems important to point out that the increased frequenc3' is not an 
invariable response to deflation, even when the vagal reflexes are not de- 
pre.ssed at all by anesthesia. Sometimes sloAving occui-s, or .slowing 
followed for no apparent reason b3’’ increased frequenc3’’ or vice A'ersa. In 
one case mild deflation produced inspiratoiy spasms or apneuses. 

Adrian ( 1933 ) has supported very plausibly the hAqiothesis that most 
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of the phenomena attributed to afferent iragal impulses might be ex- 
plained by postulating only impulses inhibitory to inspiration and evoked 
by inflation of the lungs. It is probably futile to attempt to distinguish 
between impulses directly inhibitory and reciprocally inhibitory but it 
seems important to reiterate that the experiments reported in this paper 
allow the inference of impulses directly augmentor to inspiration and 
expiration (and hence of reciprocal inliibition) with more certainty than 
the inference of independent inhibitory action. 

Schmidt (1932) has shown that changes in blood pressure can cause 
changes in respiration by their effects on blood flow through the medulla 
as well as bj’’ their effects on receptors in the aortic and carotid sinus 
regions. Vagotomy in these decerebrated animals has usually re.sulted 
in a considerable rise in blood pressure (30 or 40 mm. Hg). The effect of 
such a rise would be to depress respiration even after denervation of the 
carotid and aortic arch receptors, and might be an important factor in 
explaining the decreased velocity of inspiration after vagotomy. Till this 
factor is properly controlled the existence of the proprioceptive impulses 
augmentor to inspiration postulated by Gesell, Steffanson and Brookhart 
to arise during inflation must remain in question. 

Inflation of the chest in our experiments caused a large fall in blood 
pressure (fig. 3), while deflation caused a smaller rise. It seems unlikely 
that on deflation the rise in blood pressure (since it is in general terms de- 
pressant to respiration) could be in any part responsible for the greater 
inspiratory activity evident while the vagi were intact. On the other 
hand, it seems quite possible that during inflation the fall in blood pressure 
might well be in part responsible for the greater expiratory activity ob- 
served while the vagi were intact. 

STOEUARY 

The effects on respiration of inflation and deflation of the lungs in 
decerebrate and anesthetized cats have been recorded mechanically, before 
and after vagotomy. The changes after vagotomy include 1, decreased 
resistance to inflation; 2, decreased resistance to deflation; 3, decreased 
speed of inspiration. 

Vagotomy results in a small rise in arterial COn followed in about an 
hour by a fall. 

The probable effects of changes in blood pressure are discussed in rela- 
tion to the results as a whole. 

The results are interpreted as evidence of the importance of the aferent 
influences of the vagi, postulated by Hering and Breuer to be augmentor 
to expiration on inflation and augmentor to in.spiration on deflation. 
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In previous publications Moore, Huffman and Duncan (1935) and Moore 
(1939a, 1939b) reported a type of blindness resulting from a constriction 
of the optic nei've as due to a deficiencj’’ of vitamin A in the ration of the 
boAone. Blindness was preceded by papilledema, nyctalopia, incoordin- 
ation and syncope and a decrease in the carotene content of the blood 
plasma. In private communications several investigators have since re- 
ported papilledema in calves fed vitamin A deficient rations. The presence 
of papilledema is usually considered prima facie evidence of an elevated 
cerebrospinal fluid pressure. Since some of the manifestations accompany- 
ing this syndrome, particularly the papilledema, syncope, and inco- 
ordination, might be accounted for by the presence of an increased cerebro- 
spinal fluid pressure, pressures were determined on young bovine fed a 
vitamin A deficient ration and are reported in this paper. 

Experimental. Blood plasma carotene determinations were made 
each Aveek according to a recently published method by Moore (1939c). 
For the carotene determinations of the alfalfa meal, the method of Guil- 
bert as modified bj'’ Peterson et al. (1937), was used. 

The low carotene ration consisted of skimmed milk and a concentrate 
mixture consisting of 240 pounds barley, 180 pounds rolled oats, 180 pounds 
wheat bran, 60 pounds linseed oil meal and 8 pounds salt. This ration 
contained sufficient carotene to supply two to four micrograms per kilo- 
gram of body weight per day. Wood .shavings were used as bedding. 

Cerebrospinal fluid pressures were obtained by puncture into the sub- 
arachnoid .space. The insertion into the subarachnoid space was made 
through the dorsal opening in the atlanto-occipital articulation. No 
anesthetic was used and the records ivere obtained with the animals in 
the standing position. 

The animals used were of the Holstein breed and ivere for the most part 
the same individuals described in previous reports by Moore (1939a, 
1939b). The principal plan ivas to limit the carotene intake till a change 
in cerebrospinal fluid pressure occurred and then to add a supplement in 

* Journal article 421 (n.s.) Michigan Agricultural Experiment Station. 
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an attempt to restore the pressure to normal. At the same time oph- 
thalmoscopic observations were made at appropriate times and the animals 
were tested for night blindness by attempting to run them into objects 
and observing their behavior in dim light, a method similar to that used 
by Guilbert and Hart (1935). The animals were weighed ever}'’ 10 days 
at which time adjustments were made in the amount of carotene supple- 
ment fed. Data on only three of the experimental animals are presented. 
These data are representative of the group as a whole. 

Animal 1 was a Holstein male which had been receiving since 179 days 
of age a carotene supplement in the form of alfalfa leaf meal supplying 60 
micrograms of carotene per kilogram of body weight per dajL At 598 
days the supplement was removed from the ration. At this time the ani- 
mal showed no fundus changes and appeared nonnal and active. The 
cerebrospinal fluid pressure was also normal as sho-wm in graph I. At 
663 days this animal showed night blindness and the cerebrospinal fluid 
pressure rose from a normal of 110 mm. of saline to 200 mm. A slight 
edema of the nerve head developed at 709 days of age at which time 
pressure had increased to between 250 and 300 mm. of saline. At 720 
days the tapetum lucidum was quite bleached of its normal yellow color 
and there was slight edema at the edges of the nerve head. A small 
hemorrhage was noticed on the nen'^e head of each eye and the capillaries 
were distended. The calf showed diarrhea, some incoordination and 
swelling at the hocks. At 721 days alfalfa supplying 120 micrograms of 
carotene per kilogram of body weight was added to the ration. The 
cerebrospinal fluid pressure decreased, plasma carotene increased and the 
night blmdness disappeared. However, the cerebrospinal fluid pressure 
did not return to normal even after 109 days of supplemental feeding al- 
though the slight edema of the nerve head had almost disappeared. At 
this time the animal had recovered from the effects of the deficiency as 
judged by external appearance and was disposed of because he was too 
large to manage effectively. At autopsy no gross changes were noted. 

Animal 2 had received crystalline carotene dissolved in cottonseed oil 
since 109 days of age at the rate of 300 micrograms per kilogram of body 
weight. At 178 days the level was reduced to 120 microgi’ams. At 498 
days of age when the animal appeared in normal health and no fundus 
changes could be noticed the carotene supplement was removed from the 
ration. Nyctalopia and papilledema developed at 536 days. At 563 days 
the cerebrospinal fluid pressure had increased from 115 mm. to 250 mm. 
of saline and both eyes showed a choking of 3 diopters. At 568 days the 
supplement was again added to the ration. Night blindness disappeared 
in about 6 days, and the plasma carotene showed an immediate increase. 
The cerebrospinal fluid pressure also dropped but remained above nonnal. 
Graph II shows the changes which occurred in this calf. It was necessary 
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to dispose of the animal at 733 days of age. At this time the papilledema 
had decreased to about 2 diopters, and its presence was confirmed at 
autopsy. The ventricles of the brain were also considerabty distended 
being 3 to 4 times their normal size and the choroid plexus appeared 
edematous. 

Animal 3 had been receiving crystalline carotene dissolved in cottonseed 
oil at the rate of 120 micrograms of carotene per kilogram of body weight 
smce 188 days of age. At 518 daj^s of age Avhen the animal was appar- 
ently in good health and showed no ocular changes the crystalline carotene 
was removed from the ration. The cerebrospinal fluid pressure at this 
time was 100 mm. At 546 days as sho%vn in graph III this animal was 
night blind and at 560 days showed edema of the nerve head, bleaching 
of the tapetum lucidum, considerable exophthalmus and some incoordina- 
tion. At this time the cerebrospinal fluid pressure had increased to 200 
mm. of saline. At 565 daj’-s the crystalline carotene supplement was added 
to the ration. When examined with the ophthalmoscope at 572 days the 
right eye showed a choking of 3 diopters and the nerve margins were 
blurred. There were about 10 petechial hemori’hages on the nerve head. 
These hemorrhages had largely disappeared a week later or after about 2 
weeks of supplemental feeding. At 577 days the animal was no longer 
night blind. The cerebrospinal fluid pressure decreased to normal but 
later showed two higher values and then again returned to the normal level. 
The edema of the nerve head gradually decreased also. 

Discussion. The evidence presented indicates that a deficiency of 
vitamin A m the ration of the bovine permits an elevated cerebrospinal 
fluid pressure to develop. The results on all the animals show definitely 
that vitamin A deficiency and a low plasma carotene is correlated with a 
raised cerebrospinal fluid pressure. When vitamin A was withdrawn from 
the ration plasma carotene decreased and the pressure increased. When 
the deficienc 3 ’' was corrected the plasma carotene increased and the cere- 
brospinal fluid pressure decreased. The results with animals 2 and 3 
afford almost indisputable proof of this relationship since the effect was 
produced by removing crystalline carotene from the ration and was allevi- 
ated by supplementing the ration -with carotene. It will be noted that in 
only one instance (animal 3) did the cerebrospinal fluid pressure com- 
pleteb"- return to the normal level. Apparently the disturbances which are 
produced by vitamin A deficiency are slow in repair. It would appear 
to be a matter of 4 or 5 months. Unpublished observations on mature 
animals in studying the rate of decrease of papilledema also indicate a 
long period of recovery even when the animals are turned to pasture. 

It \sdll be noted that there were some variations in the time of first 
appearance and amount of papilledema and the development of cerebro- 
spinal fluid pressure. Animal 1 showed a very high cerebrospinal pressure 
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and yet never developed a marked papilledema. These variations seemed 
to be more pronounced as the animals grew older. In unpublished obser- 
vations on mature cows depleted of vitamhi A, incoordination and syncope 
were present without marked fundus changes. If left on the ration suffi- 
ciently long, however, in most cases the fundus changes would finally 
occur. One would conclude, therefore, that the papilledema is much more 
easily produced in young animals. These differences might be explained 
by changes in intraocular tension. Studies should be made on mature 
animals concerning the relationship of the development of increased 
cerebrospinal fluid pressure and fundus changes. However, considerable 
difficulty is encountered in making repeated pressure measurements wth 
larger animals. 

In general the data on these calves show a rather definite correlation 
between papilledema and an elevated prassure, and it would seem reason- 
able to suggest that the papilledema is a direct result of the elevated 
cerebrospinal fluid pressure. It would also be possible to explain the 
papilledema as due to pressure on the optic nerve caused by stenosis of the 
optic canal, a condition which develops if the deficiency persists for long 
periods (Moore, 1939a, b). That the latter is not the true explanation, is 
indicated by the fact that papilledema occurs in mature cows due to 
vitamin A deficiency -without any apparent stenosis of the optic canal. 

In two of the calves (1 and 3) incoordination developed when the cerebro- 
spinal fluid pressure had increased considerably and when the fundus 
changes were most pronounced. The incoordination rapidly disappeared 
when vitamin A was added to the ration coincident wth the fall in pres- 
sure. This likewise suggests that the incoordination obseiwed in \itamin A 
deficiency in the bovine may be related to cerebrospinal fluid pressure 
changes. On the other hand, the incoordination may be due to myelin 
degeneration. This w^as not determined. However, in pigs incoordina- 
tion in vitamin A deficiency may not be correlated with myelin degenera- 
tion according to w^ork reported by Eveleth and Biester (1937) and Bessey 
and Wolbach (1938) have expressed some doubt as to a relationship be- 
tw^een myelin degeneration and vitamin A deficiency. One w'ould not 
suspect that a condition of syncope (Moore, 1939a) was associated with 
myelin degeneration. 

The question as to w^hether vitamin A deficiency produces similar 
changes in other species is interesting. Preliminaiy data \vith dogs 
indicate fairly conclusively that increased cerebrospinal fluid pressure 
develops on vitamin A deficient rations but that the fundus changes do not 
readily occur. Mellanby (1938) has noted widespread nerve degeneration 
in young dogs fed diets deficient in vitamin A and rich in cereals. Com- 
plete deafness was present in some of the animals Avhich he attributed to 
nerve degeneration due to an overgrowth of bone of the labyrinthine cap- 
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sule. He expressed the belief that the degeneration of other nerves might 
be due to pressure caused b.y overgrowth of bone in the various foramina. 
It is suggested that the changes reported by Mellanbj’^ (1938) are related 
in some manner to those reported in calves where a constriction of the 
optic nerve develops. 


CONCLUSIONS 

1. A deficiency of vitamin A in the ration of the young bovine produces 
an increased cerebrospinal fluid pressure. 

2. The increase in cerebrospinal fluid pressure is accompanied b}’’ papil- 
ledema, nyctalopia, syncope and incoordination. 

3. On return to a normal diet the cerebrospinal pressure slowly returns 
to normal, while the quoted disturbances disappear. 
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Appreciation of the foi-m of the retinal image depends upon a cor- 
respondence between the distribution of light on the retina and the dis- 
tribution of activity among the fibei's of the optic ner\m. This correspond- 
ence may be studied directly by recording the activity in single optic nerve 
libel’s in response to illuminating various pai*ts of the retina. 

A given optic nerve fiber responds to light only if a particular region of 
the retina receives illumination. This region is termed the receptive field 
of that fiber. In a previous paper describing the responses in single optic 
nerve fibers from the cold-blooded vertebrate eye (Hartline, 1938) it 
was noted that the receptive fields of the optic ner\’’e fibers are of small but 
appreciable extent, and that their locations on the retina are fixed. It is 
the purpose of the present paper to describe further the characteristics 
of receptive fields, and to discuss some of the spatial factoi’S involved in 
the excitation of the fibers of the optic ner\^e. 

Method. The method for recording the acti\’ity in single optic nerve 
fibers from the eyes of cold-blooded vertebrates has been described in 
the previous paper (loc. cit.). An eye is excised, cut open, and small 
bundles of optic nen^e fibers are dissected from the anterior surface of the 
exposed retina. The action potentials in these bundles are amplified and 
recorded with an oscillograph. When such a bundle has been split suc- 
cessfully, until only a single active fiber remains, the retina must be 
searched with a small spot of light to determine the region supplying that 
fiber. This search is aided by noting the direction, on the retina, from 
which the nerve fibers in the small bundle come, and by using large spots 
of light at first to locate the approximate position of the sensitive region. 

The optical system employed in these experiments has likewise been 
described. A spot of light of suitable size is projected upon the exposed 
retina; the coordinates of its position, referred to an arbitraiy point of 
origin on the retina, are obtained from readings of crossed micrometers 
which control its location. The micrometer readings are reduced to milli- 
meters on the retina by multiplying them by the magnification of the 
optical system (0.32 or 0.15). Sharpness of focus of the spot on the retina 
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is checked in every experiment by direct observation through a dissecting 
microscope.^ This optical system can provide a maximum intensity of 
illumination on the retina of 2-10^ meter candles, which may be reduced 
to any desired value by means of Wratten “Neutral Tint” filters. 

Eyes from large frogs (R. catesbiana), and from a few alligators, were 
used in the present study. In none of these experiments did the receptive 
fields of the fibers lie in or near the area cupula of the retina; this paper is 
therefore concerned only with properties of the peripheral retina. The 
preparations were always allowed 20 to 30 minutes for dark adaptation 
(at 25°C.), and observations were checked whenever possible to guard 
against slow changes in sensitivity. 

Results. The sensitivity of different regions of the retina to light 
must be defined with respect to the particular optic nerve fiber which is 
under observation. A spot of light in one location on the retina may 
ehcit a vigorous discharge of impulses in an optic nerve fiber, but in a 
different location may produce no responses at all in this particular fiber. 
The distribution of sensitivity over the receptive field of a fiber may be 
determined by systematic exploration with a small spot of light, noting 
the responses eUcited at various locations, and charting the boundaries 
of the region over which the spot is effective, at different intensities. 

In figure 1 are given two examples. Figure la was obtained with a 
fiber whose responses consisted of a burst of impulses when the light was 
turned on, and another burst upon turning it off.^ At the highest inten- 
sity (log I = 0.0) the exploring spot (50 m in diameter) would elicit re- 
sponses if located anyv'here within the outermost closed curve. The 

^ Although sharply focussed, such a spot of light on the retina is always sur- 
rounded by a faint halo of scattered light. This is dUe chiefly to Tyndall scattering 
in the layers of the retina overlying the rods and cones (diffraction, and reflection 
and scatter from the surfaces of the optical system contribute only a small amount). 
The relative intensity of this halo has been estimated by direct observation in sev- 
eral fresh preparations. A piece of gelatin neutral-tint filter was placed in the 
eye-piece of the dissecting microscope, just covering the image of the spot of light 
on the retina. With a large spot of light (1 mm. square), filters of densities between 
2.0 and 3.0 were necessary to reduce the intensity of the spot, seen through the 
filter, to match approximately the intensity of the halo of scattered light, seen over 
the edge of the filter. Thus in nearly all cases the intensity of the halo, within a few 
microns of the edge of the spot, is 1 per cent or less of the spot intensity, and falls 
off rapidly with increasing distance from the edge of the spot. 

“ It has been shown previously that different optic nerve fibers of the vertebrate 
eye give different kinds of discharges in response to illumination of the retina. 
In some of the fibers impulses are discharged steadily as long as the light shines; 
others give only a brief burst of impulses when the light is turned on, and again 
when it is turned off; still others respond only to turning the light off. The general 
characteristics of the receptive fields of different fibers, however, are essentially 
the same, regardless of their type of response. 
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dots mark locations at which tlie spot could just elicit a response, at this 
intensity. For such locations on the boundary, both the “on” and the 
“off” bursts consisted of only one or two impulses, but locations inside 
the boundary gave rise to stronger discharges, and when the spot was 
located in the center of the region, vigorous bursts were obtained. At a 
lower intensity (1/100 of the former: log I = -2.0) responses could be ob- 
tained only when the spot was located within the much smaller region 
enclosed b}’’ the inneimost curve, and at this intensity the discharges 



Fig. 1. Charts of the retinal regions supplying single optic nerve fibers (eye of 
the frog), a. Determination of the contours of the receptive field of a fiber at two 
levels of intensity of exploring spot. Dots mark positions at which exploring spot 
(50 n diameter) would just elicit discharges of impulses, at the intensity whose 
logarithm is given on the respective curve (unit intensity = 2.10^ meter candles). 
No responses at log I = —3.0, for any location of exploring spot. This fiber re- 
sponded only at “on” and “off.” b. Contours (determined by four points on 
perpendicular diameters) of receptive field of a fiber, at three levels of intensity 
(value of log I given on respective contours). In this fiber steady illumination (log 
I = 0.0 and —2.0) produced a maintained discharge of impulses for locations of ex- 
ploring spot within central shaded area; elsewhere discharge subsided in 1-2 seconds. 
No maintained discharge in response to intensities less than log I = —2.0; no re- 
sponses at all to an intensity log I = —4.6. 

were very weak even when the spot was located in the center of the region. 
At a tenth of this intensity, log I = —3.0, no responses could be obtained 
for any location of the exploring spot whatever. 

Figure lb is a chart of the receptive field of another fiber, which in this 
case was capable of a steady discharge of impulses, maintained as long as 
illumination lasted. As in the previous experiment, the brighter the 
exploring spot, the larger was the region over which it would elicit re- 
sponses, and, at any ^ven intensity, the responses were stronger the 
more nearly central the location of the exploring spot. Indeed, it was 
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only for locations in the very center (cross-hatched region in fig. lb) that 
the discharge would be maintained throughout an indefinitely long period 
of illumination. Elsewhere it would sub.side and finally stop in a second 
or two (cf. Hartline, loc. cit., fig. 6). At the lowest intensit 3 ^ represented 
in the figure (log I = —4.0) no maintained discharge could be obtained 
at all; the responses consisted of onlj'^ a few impulses, and at J of this 
intensity (log I = —4.6) no responses ivhatever could be elicited. 

These exiieriments show that the sensitivity to light, referred to a par- 
ticular optic nerve fiber, is not unifomi over the fiber’s receptive field. 
The central portion of the receptive field has a lower threshold and, at 
intensities above thre.shold, gives rise to stronger responses than the 
outhdng areas. The sensitivity is thus maximal in the center, and falls 
off steadity ivith increasing distance from this center, to become inappre- 
ciable outside an area approximatety one millimeter in diameter. Charts 
such as those of figure 1 are contour maps of this distribution of sensitivity. 
The faint halo of scattered light surrounding the exploring spot is a source 
of error in the construction of these charts. However, at relativelj’’ low 
intensities (100 or ei^en 1000 times the minimum threshold) this scattered 
light is of little consequence, and a map obtained at these intensities 
must closelj’’ approximate the actual distribution of sensitivity over the 
receptive field of the fiber under observation. 

Factors other than the absolute intensity of the exploring spot affect 
the extent of the region from which responses in a given fiber can be 
elicited. If the exploring spot is made smaller, its intensity must be in- 
creased if it is to be effective over as large an area. But with this smaller 
spot the threshold measured in the most sensitive central region is cor- 
respondinglj’’ increased. It is the intensity relative to this minimum 
threshold ivhich is significant in charting the distribution of sensitivity. 
Similarl}', if the retina is not completelj'^ dark adapted, its level of sensi- 
tivitj' is decreased, and for a particular fiber the thresholds in the center 
and on all the contours of its receptive field are increased proportionateljL 
Eecejitive fields of different fibers must likewise be compared with due 
regard to their minimum thresholds, which may differ considerably. 

The vertebrate retina responds vigorouslj’’ to small, sudden movements 
of the retinal image (Ishihara, 1904; Adrian and Matthews, 1927). This 
niaj' be observed in the responses of single optic nerve fibers, and is help- 
ful in determining the distribution of sensitivity in their receptive fields. 
Figure 2 shows records of the discharge in a fiber responding at “on” and 
“off.” Although no impulses were discharged while the spot of light was 
shining steadity, a slight movement of it, of onty a few microns in anj^ 
direction, produced a short burst of impulses. Responses to movement 
are stronger, within limits, the larger and more intense the moving spot, 
and the greater and the more rapid its displacement. Responses to a 
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slight movement of a spot of light of given size and intensity can be 
elicited any\Yheve within the region over which this spot is effective in 
producing discharges when it is turned on or off. They are weak when the 
spot is near the boundary of this region, and stronger the more nearly 
central its location in the receptive field. Figure 3 .shows the contour 












1 .. 







Fig. 2. Oscillograms of action potentials in a single optic nerve fiber (frog), 
showing responses to slight movements of sm.all spot of light (50 p diameter) on the 
retina. Fiber responded only at “on” and “off” ; no discharge during steady illumi- 
nation if stimulus spot was stationary (upper record; signal marking period of illu- 
mination blackens the white strip above time marker). Slight movements of stim- 
ulus spot elieited short bursts of impulses (middle and lower records). Movements 
of spot on retina are signalled by narrow white lines appearing above time marker; 
these are shadows of spokes attached to head of micrometer screw controlling posi- 
tion of stimulus spot. Each spoke corresponds to 7 /x on the retina. Time in 5 
second. 

within which a .spot of light 50 /x in diameter, about 100 times the mini- 
mum thre.shold, produced re.sponses in a fiber responding to “off” only. 
The arroAvs .shotv the limits, on two diameters, between which slight 
movements of this spot (ca. 20 n in ca. 0.05 sec.) would elicit bursts of 
impulses. Outside of these limits no responses to movement could be 
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obtained, no matter how great or how rapid the displacements. It is 
characteristic of a fiber which responds only to “off” that it also responds 
only to movements of the .spot away from the center of its receptive field. 

Bursts of impulses are also elicited in response to movement of a shadow 
on the uniformly illuminated retina. A .slight, sudden movement of a 
narrow band of shadow produces responses if it falls across the receptive 
field of the fiber under observation, and these responses can be elicited 
over a region many times wider than the shadow itself. To show this, 
all diaphragms were removed from the optical .sj’^stem, and a fine wire 

• SHADOW i 



Fig. 3. Chart of the receptive field of an optic nerve fiber (frog), showing limits 
within Avhich responses were elicited by movements of an illuminated spot, and of a 
narrow band of shadow. Dots mark locations at which exploring spot produced 
responses when turned off (fiber responded only to “off”). Spot 50 /x in diameter, 
intensity 100 times minimum threshold. Arrows mark the limits (on two diameters) 
between which slight movements of illuminated spot elicited bursts of impulses. 
With large area of retina illuminated (4 mm. diameter) a band of shadow 20 n wide 
produced discharges of impulses when moved slightly, if it crossed the receptive 
field within the limits marked by the vertical lines A and B. Shadow extended 
across entire illuminated area, in direction lengthwise of page; movements were 
crosswise. See figure 4 for records of responses to moving shadow. 

was stretched across the beam. This yielded a circular patch of light on 
the retina, 4 mm. in diameter, acro.ss which was a band of .shadow 20 n 
wide. In the experiment of figure 3 the limits within which .slight move- 
ments of this shadow produced responses are indicated b}’^ the vertical 
lines, A and B. If the shadow was near either of these limits the re.sponse.s 
to its movement were weak, as shown in the upper and the lower records 
of figure 4, while if it fell across the center of the sensitive region the same 
amount of displacement elicited stronger bursts of impulses (middle record 
of fig. 4). Responses to movement of a .shadow are elicited regardless of 
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the direction of the motion, l)oth in the fibers responding to “on” and “off” 
and in those responding to “off” onb'. 

From these experiments it is evident that the receptive field of an optic 
nerve fiber from the peripheral retina covers an. area much greater than 
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Fig. 4. Records of the impulses discharged in an optic nerve fiber in response to 
movement of a shadow on the retina. Experiment of figure 3. Narrow band of 
shadow, on uniformly illuminated retina, was moved from right to left (chart of 
fig. 3) in a series of short, quick jerks. First response (upper record) occurred at 
position A in figure 3; responses elicited to every succeeding movement until position 
B was reached (lower record shows last response). Responses were strongest mid- 
way between (middle record). Signal of movement as in figure 2. Time in 5 second. 

that occupied by a single receptor cell. The receptor elements are small, 
even compared to the exploring spot used in these experiments; conse- 
quently, if illumination of but one rod or cone gave rise to the responses 
in a given optic nerve fiber, charts such as figure 1 would be faithful 
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representations of the distribution of light associated with the exploring 
spot. Direct observation of this spot on the retina showed that it was 
small and sharply focussed, with a halo of scattered light at most only 
T-W as intense as the spot itself. Yet this spot, at intensities only 4 
to 10 times the minimum thresholds for the various fibers, elicited re- 
sponses over regions many times its own diameter. The observed dis- 
tributions of sensithdty, vdth broad maxima several tenths of a millimeter 
in diameter, in no way resembled the minute exploring spot, only 50 n 
in diameter, as they would have if only a single receptor cell had been 
responsible for the excitation of each optic nerve fiber. Likewise, high 
sensiti^dty to slight movement of the spot was not found to be restricted 
to regions as small as the stimulus spot itself. Finally, the use of the 
narrow band of shadow upon th? uniformly illuminated retina definitely 
rules out, possible effects of scattered light. The sensitivity to slight 
movements of this shadow, over a region many times its vddth, offers 
conclusive proof that manj'' receptor cells are concerned in the excitation 
of a single optic nerve fiber. 

A retinal ganglion cell, therefore, can receive excitatory influences over 
man}’- convergent pathways; its axon is the final common path for nervous 
activity originating in many sensory elements. This, of course, is in keep- 
ing with the knovm anatomical organization of the vertebrate retina. It 
furnishes the functional basis for the spatial effects in the vertebrate 
retina, observed in experiments on the whole optic nerve by Adrian and 
Matthews (1927, 1928). They found that the latency of the optic dis- 
charge was shorter the greater the area of the retina illuminated, and at- 
tributed this to summation of the excitatory effects due to actmt}'- in 
convergent retinal pathways. It is worthy of note that this spatial sum- 
mation was limited to retinal distances of approximately 1 mm., which is 
the order of magnitude of the diameter of the receptive fields of the single 
optic ner^’^e fibers. Moreover, the spatial effects were smaller the greater 
the retinal distances, in keeping with the diminished effectiveness of the 
outlying regions of the receptive fields. This diminished effectiveness 
may be ascribed to a smaller number of receptor elements in a unit area 
that are in connection ■w’ith a given retinal ganglion cell, or to a less effec- 
tive transfer of nervous activity over the longer and less direct pathways 
from the margins of the receptive field. 

The receptive fields of different fibers may overlap considerably (Hart- 
iiae, loc. cit.). Consequently, illumination of a single point on the retina 
can produce acti-vity in many different fibers, and illumination of two dis- 
crete points may produce activity in many fibers in common. It is for 
this reason that fine detail cannot be resolved by the peripheml retina. 
From the standpoint of visual function, it is necessarj^ to consider the 
distribution of activity among the different fibers of the optic nerve. 
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elicited by illumination of a particular small element of area on the 
retina. 

A bundle containing a number of active optic nen'e fibers may be used 
to sample this distribution. If not too many fibers are present, it is 
possible to distinguish the activity in the different ones by means of the 
loud speaker and the cathode ray oscilloscope. When the responses in 
such a bundle are tested it is at once apparent that many fibers are ex- 
cited by a small spot of light (50 m in diameter), even at intensities close 
to threshold. Certain of the fibers respond vigorouslj' to the light; these 
are the ones whose receptive fields are centered close to the stimulus spot. 
Others give onl}*^ feeble responses; these either have higher thresholds, or 
are fibers whose receptive fields are centered at some distance from the 
stimulus spot, which consequently falls in the less sensitive peripheries of 
their fields. When the spot of light is tested in a slightly different location 
on the retina, it is strikingly eiddent that the composition of the response 
is changed. Fibers which had been active cease responding, new fibers 
come into play, fibers which had given strong responses give weak ones, 
and some of those which had only given slight discharges dominate the 
response. 

It is evident that illumination of a given element of area on the retina 
results in a specific pattern of activit}'- in a specific group of optic nerre 
fibers. The particular fibers involved, and the distribution of activity 
among them, are characteristic of the location on the retina of the particu- 
lar element of area illuminated. Corresponding to different points on 
the retina are different patterns of nerve acthdty; even two closely ad- 
jacent points do not produce quite the same distribution of activity, al- 
though they may excite many fibers in common. The more widely two 
illuminated spots are separated the fewer fibem will be involved in com- 
mon, but it is reasonable to suppose that it is only necessarj’- to have two 
recognizable maxima of activity in order to resolve the separate spots. It 
is this spatial specificity of groups of optic nerve fibers, and of the dis- 
tribution of activity among them, that furnishes the basis for distin- 
guishing the form of the retinal image. 

SUMMARY 

The region of the retina which must receive illumination in order to elicit 
a discharge of impulses in a particular optic nerv'e fiber is termed the re- 
ceptive field of that fiber. Characteristics of the receptive fields of indi- 
vidual optic nerve fibers from the peripheral retinas of cold-blooded 
vertebrates (frog, alligator) have been investigated by recording the action 
potentials in single fibers in response to illuminating various parts of the 
retina. In several experiments the distribution of sensitmty over the 
receptive field of a particular fiber has been deteimined by systematic 
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exploration of the retina with a small spot of light, noting the responses 
elicited in the fiber at various locations, and charting the boundaries of 
the region over which the spot is effective, at various intensities. 

The sensitivity to light, referred to a particular optic nerve fiber, is 
maximal over the central portion of the fiber’s receptive field, where the 
threshold is lower than in the outljdng areas, and where intensities above 
threshold give rise to the strongest responses. The sensiti\'ity is less the 
greater the distance from this central region, and is usually inappreciable 
outside an area about one millimeter in diameter. Contour maps of the 
distribution of sensitivity are given for two examples. 

Single optic nerve fibers (of the types responding to “on” and “off,” 
and to “off” only) respond to sudden, slight movements of an illuminated 
spot, or of a band of shadow on the uniformly illuminated retina, if the 
moving spot or shadow falls within the receptive field of the fiber. Move- 
ments of only a few micra of a small spot or a narrow shadow can elicit 
responses in a particular optic nerve fiber over a retinal region several 
tenths of a millimeter in diameter — ^many times the width of the spot 
or shadow. 

These experiments prove that the receptive field of an optic nerve fiber 
from the peripheral retina covers an area much greater than that occupied 
by a single rod or cone. A retinal ganglion cell, therefore, can receive 
excitatory influences over magy convergent pathways; its axon is the 
final common path for nervous activity originating in many sensory 
elements. This finding furnishes the functional basis for the spatial effects 
observed in the peripheral vertebrate retina. 

Action potentials recorded from small bundles containing many active 
optic nerve fibers show that a single small spot of light excites many 
fibers: the receptive fields of different fibers overlap considerably. The 
particular fibers activated, and the distribution of activity among them, 
is characteristic of the location on the retina of the particular element 
of area illuminated. This spatial specificity of groups of optic nerve 
fibers, and of their patterns of activity, furnishes the basis for distin- 
guishing the form of the retinal image. 
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In a previous paper (Hartline, 1940) it was shovTi that a ganglion cell 
in the peripheral retina of the vertebrate eye is excited by activity in many 
convergent pathways, from sensory elements distributed over a receptive 
field covering approximately a square millimeter of retinal area. Blumi- 
nation of any portion of the receptive field of a retinal ganglion cell will 
accordingly produce a discharge of impulses in its axon, the strength of 
the response to illumination of a fixed retinal area usually being greater the 
higher the intensity of the stimulating light. The present paper will show 
that the discharge of impulses in a single optic nerv’^e fiber also depends 
upon the size of the illuminated area. The excitation of a ganglion cell 
is therefore controlled by the number of active pathways which con- 
verge upon it, as well as by the degree of acthdty in the individual path- 
ways. 

Spatial summation in the vertebrate retina has previousb^ been demon- 
strated by Adrian and Matthews (1927-1928). They showed that the 
latency of the discharge of impulses in the whole optic nervm of the eel was 
shorter the larger the area of the retina illuminated, and the latency of the 
response to four spots of light was shorter than the shortest latency ob- 
tained with any of the spots singly. This summation was enhanced by 
the application of strj’-chnine, indicating that it depended upon the nerv- 
ous interconnections within the retina. The study of. the activity in single 
optic nerve fibers has now furnished more dire6t evidence for the con- 
vergence of excitatory effects within the retina; the present paper is con- 
cerned with the extension of this study to an 'hn"alysis -of sp?;tiaL summa- 
tion, in terms of the activity of the individual units of the retina. 

Method. The method for studying the. ^activity of single optic nerve 
fibers in the retinas of cold-blooded vertebrates, and for detennining the 
location and extent of their receptive fields has been described in previous 
papers (Hartline, 1938, 1940). In the present experiments the eyes from 

^ With the support of a grant from the American Philosophical Society. 
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large frogs (R. catesbiana) ivere used. None of the receptive fields of the 
fibers studied l&y within or near the area acuta of the retina; the jiroperties 
here reported are those of the peripheral retina. 

The apparatus for illuminating the retina has likewise been described 
previously. It provided a beam of light which could be directed upon 
any part of the exposed retina, more than large enough to cover the 
region under investigation. The illumination Avas restricted to any de- 
sired area ivithin this beam b}^ means of diaphragms, with apertures of 
suitable size and shape imaged on the retina. Sharpness of focus was 
assured, in every experiment, by direct observation of the patterns of light 
on the retina by means of a dissecting microscope (X32). The dia- 
phragms were readily interchangeable, and slipped into place against 
mechanical stops in a holder. The accuracy and reproducibility of their 
alignment in the beam ivas checked by exposing photographic plates in 
the place of the retina. Fine adjustments on the diaphragm holder en- 
abled it to be shifted slightly, within the limits of the beam, so that the 
patterns of illumination could be accurately centered upon the receptive 
field of the fiber und^r observation. 

Results. In figure 1 are shown oscillograms of the amplified action 
potentials in a single optic nerve fiber, obtained in response to illumination 
of the retina ivith patches of light of various sizes. The areas illumi- 
nated, which were circular in shape, had been carefully centered upon the 
most sensitive portion of the fiber’s receptive field, and fell well within its 
limits. The larger the area of the stimulus patch, the shorter was the 
latenc}'’ of response, and, for moderate degrees of stimulation, the higher 
was the frequenc}’^ and the greater the numl^er of impulses in the discharge. 
The fiber used in this experiment ivas one responding with a burst of im- 
pulses at the onset of illumination, and again when the light Avas turned 
off (no discharge during steady illumination). Fibers giving other types 
of response (cf. Hartline, 1938) shoAA' a similar dependence of the discharge 
upon the area illuminated. 

Vaiying the area of the retina illuminated bj^ a fixed intensity thus af- 
fects the re.sponse in a single optic neiwe fiber; this effect, moreover, is 
exactb"^ similar to that obtained by A^arying the intensity of illumination 
upon a fixed retinal area (cf. Hartline, 1938). To permit a comparison, 
tAvo series of records are sIioaah in figure 1, obtained at tAA'o different in- 
tensities of illumination. The responses in the right hand column Averc 
obtained AA'ith an intensity ten times that used in the left. It is to be 
noted that responses at the higher intensity are comparable to those 
obtained AAfith areas approximately ten times larger, at the loAver intensity. 
Only the total luminous flux falling upon the retina (area X intensity) is 
of significance in determining the response of the ganglion cell. This rule 
has been found to hold, except for A-ery strong stimulation, to Avithin the 
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limits of accurac.y of this method. It applies only to illumination falling 
•well -within the receptive field of the fiber under observation, 

A simple demonstration of this reciprocal relation between the area 
and intensity necessary to jiroducc a constant effect in an optic nerve 
fiber is furnished b\'^ the determination of the threshold intensitj'-, Ithrah., 
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Fig. 1. Oscillograms of action potentials in a single optic nerve fiber from a frog’s 
retina, showing effect of size of stimulus jjateh ujjon the discharge of impulses. 
Retina illuminated with circular patches of light, eentered on receptive field of the 
fiber; relative areas (A) given on rigiit (.-V = 1 corresponds to 0.006 mm.=). For the 
responses in the left hand column the intensity of illumination was that used 
for the right hand column. (1 = 1 equivalent to 3.10^ meter candles). Fiber was 
one responding with bursts of impulses at “on” and at “off” with no impulses dis- 
eharged during steady illumination. Only “on” burst shown here. Signal of illu- 
mination blaekens white lino above time marker (only shown in bottom records). 
Time in -! second. 

for various areas, A, of retinal illumination, plotted in figure 2. The line 
through the exjierimental ]Doints has a slope of —1, representing, on this 
double logarithmic plot, the relation 


A-Ipircjft. = constant. 
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This relation was demonstrated by Adrian and Matthews (1927-1928) 
in the optic discharge of the eel’s eye; the present experiments show it to 
be a property of the individual retinal ganglion cells. Its limitation to 
retinal distances less than 1 mm., as reported by Adrian and Matthews, 
is due to the fact that the diameter of the receptive field of a ganglion cell 
is, on the average, of this order of magnitude. 

Measurements of the reciprocal of the latent period and of the initial 
frequency of the discharge of impulses (in the same fiber whose responses 
are shomi in fig. 1) are plotted, in figure 3, as functions of the area of 
illumination, for various levels of intensity. For moderate degrees of 
stimulation, these measures of the response increase steadily and approxi- 
mately linearly with the logarithm of the area illuminated. Curves ob- 



Fig. 2. Relation between area of retina illuminated (A) and threshold intensity, 
ithresh. for stimulation of a single optic nerve fiber. For each arrow, upper point 
gives lowest intensity which elicited one or two impulses; lower point gives highest 
intensity which failed to elicit any response (determinations made to nearest 0.3 
or 0.4 log unit). Where duplicate determinations coincided, arrows are drawn 
heavier. Line drawn through points has slope of —1. (Log 1 = 0 equivalent to 
3.10^ meter candles; area in mm.-.) 

tallied at different levels of intensity are separated, parallel to the axis of 
abscissae, by amounts roughly equal to the logarithms of the ratios of 
their intensities, in accordance with the reciprocity relation discussed 
above. 

Figure 3 shows that the responses increase with increasing area only up 
to a certain point. Beyond this point the responses actually decrease with 
increasing size of stimulus area, although these areas are well within the 
limits of the receptive field of the fiber. It is furthermore to be noted that 
the higher the intensity the smaller is the area at which this decrease be- 
gins. This effect may also be seen in the right hand column of figure 1, 
where the response to the largest area contains fewer impulses than the 
response to the area one-fourth as large. A similar depressing effect on 
the response has been reported, when the intensity of retinal illumination 
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on a fixed retinal area is increased above an optimal value (Hartlinc, 1938). 
It is as though the ganglion cell can be “overloaded,” and the fact that 
this can be accomplished by increasing the area of the retina illuminated, 
as well as by increasing the intensity of the light, serves to emphasize the 
principle that the final response of the ganglion cell is determined by the 
sum total of activity reaching it over many convergent pathways. 

It has been pointed out previouslj' that in these experiments the sensi- 
tivity to light of any point on the retina must be defined with respect 
to the particular optic neiwe fiber under observation. The sensitivity, 
thus defined, is not uniform over the receptive field of a fiber; the outlying 
portions are less effective in producing responses than is the central region 
(Hartline, 1940). It is reasonable to suppose that the outlying portions 
of the receptive field also contribute less to the total summed excitation 



Fig. 3. Relation between area of retina illuminated (A) and response in a single 
optic nerve fiber, at five levels of intensity. (Measurements of the complete experi- 
ment from which the records shown in fig. 1 were selected.) a. Reciprocal of 
latent period in seconds, Tl, of “on” burst vs. log A (in mm.*). The number on each 
curve gives the logarithm of the intensity of illumination for that curve (log 1 = 0 
equivalent to 3.10=^ meter candles), b. Initial frequency of discharge of "on” burst 
(Fi—ij 1st 4 impulses) vs. log A. Numbers on curves give respective values of log I. 

of the ganglion cell. To test this point, and to study the relative contri- 
butions from the component portions of an illuminated area under differ- 
ent conditions, the following series of experiments have been performed. 

A square area, large enough to cover nearly all of the receptive field 
of a fiber under observation, was subdivided into 25 small squares by 
means of diaphragms Avith appropriate apertures. Each of these small 
areas could be illuminated separately and the response to it compared with 
the response to illumination of the entire area, or of areas comprising 
several of the small subdivisions. 

The requirements for threshold excitation of a fiber responding at “on” 
and “off” (only the “on” response recorded) are given in figure 4. The 
minimal intensity necessary to produce a response was determined for each 
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small square illuminated alone, and also for areas covered by 4, 9 and 25 
of these small squares, as indicated in the figure. The reciprocals of these 
threshold intensities are entered in the respective squares, so that the 
greater the number in a particular square the more effective was that 
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Fig. 4. Chart of the relative effectivness, in stimulating a single optic nerve 
fiber, of different portions of the fiber’s receptive field. “Effectiveness” of a region 
of the retina defined as reciprocal of threshold intensity for that region. Upper left: 
numerical values of effectiveness of 25 subdivisions of large square area tested indi- 
vidually. (Comparative scale of retinal distance given above.) Threshold inten- 
sity of the most effective subdivisions set equal to 1 (equivalent to 8.10"’ meter 
candles) Lower left: effectiveness of area covering 4 of the central subdivisions 
(heaviest outline in upper left). Lower right; effectiveness of area covering the 9 
central subdivisions (heavy outline in upper left). Upper right: effectiveness of 
entire large square. Fiber gave “on” and “off” bursts. “Threshold” taken as the 
lowest intensity (within 0.3 or 0.4 log unit) which would reliably produce an “on” 
burst of one or two impulses. 

area in producing, excitation of the ganglion cell. It is to be seen that the 
region of maximum sensitivity of the receptive field of tliis fiber was 
covered by eight of the nine central squares; the 16 border subdivisions 
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were all considerably less effective. WTien the larger area covered by 
four of the central squares was illuminated, the threshold intensity was 
one-fifth that of any of its subdivisions alone; when the still larger area 
covered bj^ the nine central squares was exposed the threshold was still 
lower — only one-tenth of the tlireshold of the most sensitive subdivision. 
Thus, for the central portion of the receptive field, large illuminated areas 
were more effective in exciting the ganglion cell than anj'^ of their sub- 
divisions. However, when the entire area covered by the 25 small squares 
was illuminated, the threshold inten-sity was not measurabl}’- lower than 
the threshold of the central region covered by only nine squares. Adding 
the 16 border subdivi.sions did not appreciably increase the effectiveness of 
the illumination, in this experiment. To judge from other experiments, 
the outlying portions of the receptive field do contribute somewhat to 
the total effect, and this might have been obser\'ed in the present experi- 
ment, had the thresholds been determined more closel3% Nevertheless, 
the inclusion of less sensitive regions of the receptive field contributes 
correspondingly little to the summed effect; illumination of areas entirely 
outside the receptive field contributes nothing at all to the excitation of 
the ganglion cell. 

Spatial summation in the vertebrate retina is thus limited to the re- 
ceptive field of the retinal ganglion cell, and its effects are most readil}’" 
observable in the more sensitive central portion of that field. A series 
of experiments has been performed, designed to analyze the contributions 
from component subdivisions of an illuminated area, which in everj-' case 
laj'^ well within the receptive field of the fiber under observation. 

The experiment of figure 4, just cited, furnishes evidence of the sum- 
mation of subliminal excitation. Thus illumination of any single square 
at an intensity l/I = 10 failed to produce a response, yet this illumination 
must have produced some degree of acti\dty in the pathways converging 
upon the ganglion cell, for when the nine central squares were illuminated 
together, at this intensitjq impulses were discharged in the optic nerve 
fiber. Another example is furnished by an experiment on a fiber respond- 
ing only to the cessation of illumination. At a suitable intensitj’", illumi- 
nation of any one of four small squares singl}-^ produced no responses, but 
when all four were illuminated together “off” responses were regularly 
elicited, consisting of at least 7 impulses, at frequencies of 45 to 60 per 
second. Evidently, weak light can produce effects in the individual . 
subdirisions of an area which are subliminal when they act alone, but 
which sum to reach the threshold of the ganglion cell when all act together. 
Since the actirity in the retinal pathways presumably involves nerve im- 
pulses, we must conclude that more than one impulse must reach the 
retinal ganglion cell in order to excite a response in its axon. 

The experiment of figure 1 shows that spatial summation not only affects 
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the threshold intensity to which a ganglion cell will respond, but also 
determines the magnitude of response at intensities above threshold. By 
testing different subdivisions of an area separately it can be shown, first, 
that the responses to illumination of a given ai’ea maj'' be augmented by 
subliminal excitation from adjacent regions of the receptive field, and 
second, that illumination strong enough to elicit responses from each single 
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Fig. 5. Chart of the responses of a single optic nerve fiber to illumination of 
different portions of its receptive field, at a fixed intensity (2.10 ® meter candles). 
Upper left: number of impulses in response to each of 25 subdivisions of large square, 
tested individually (comparative scale given below). Upper right: response to 
illumination of area covered by 9 central subdivisions (heavy outline in upper left). 
Below: response to illumination of entire square. Fiber responded only to off. 
Duration of exposure for each test ca. 5 sec. 

subdivision of an area produces still greater excitation when the total 
area is exposed. 

In an experiment (fig. 5) on a fiber responding only to cessation of 
illumination, only two of the central squares, out of the 25, would elicit 
a response (one impulse) when illuminated singly. However, when the 
area covered by the nine central squares was exposed, at this same intensity. 
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responses of 6 to 10 impulses, at average frequencies of 10 to 20 per second, 
were elicited. And when the 16 border subdivisions were added, the 
response increased to 18 impulses, at 5-3 per second, although none of these 
border squares alone could produce any response at this intensity. '\^Tiile 
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Fig. 6. a. Chart of the responses of a single optic nerve fiber (responding at “on” 
and at "off”) to illunxination of different portions of its receptive field, at a fixed 
intensity (0.3 meter candles). Left: frequencies of discharge (1st 6 impulses) of 
“on” and “off” bursts (upper and lower numbers, respectively) for each of 9 small 
squares tested individually (scale of distance given above). Right: frequencies of 
discharge of the “on” and “off” bursts (upper and lower pairs of numbers, respec- 
tively) in response to illumination of entire area covered bj' the 9 small squares. 
Upper member of each pair of numbers gives value obtained before testing the small 
squares, lower member the value afterwards, b. Chart of the frequencies of main- 
tained discharge (13th to 15th second of continuous illumination) of single optic 
nerve fiber, in response to illumination of each of 9 small squares (left) compared 
with response to illumination of entire area covered by these squares (right). Scale 
given above. Intensity 300 meter candles. 


it has been shown that border subdivisions contribute less to the summed 
efifect of the illumination than do the more central ones, this experiment 
shows that their contribution nevertheless may be quite appreciable. 
This is especially true at low levels of excitation, where a slight increase 
in the stimulus usually causes a considerable increase in the response. 
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At an intensity moderately above threshold, the response to illumination 
of a large area is greater than the greatest response to illumination of 
ail}" subdi^dsion of this area at this same intensity. Illumination of nine 
small squares individually at an intensity above threshold resulted in the 
responses tabulated in figure 6a. When the entire area covered by these 
nine squares was exposed, at this same intensity, the frequency of the dis- 
charge was greater than in the responses of even the most effective sub- 
division illuminated alone. With fibers of this kind, responding to a 
change in illumination, both the “on^’ and the "off” bursts show the 
effects of spatial summation. A similar result, with a fiber whose discharge 
was maintained during steacty illumination, is shown in figures 6b and 7. 
The frequency of the steady discharge resulting from illumination of each 
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Fig. 7. Records of tlic maintained discharge of impulses in a single optic nerve 
fiber, showing effects of spatial summation. Top; response to illumination of most 
effective one of 9 subdivisions of aii area of the retina (small square labelled 2.3 in 
fig. 6, b). Bottom: response to illumination of entire area covered by the 9 subdivi- 
sions (labelled -1.3 in fig. G, b). Records include the 13th to 15th seconds of steady 
illumination. Intensity 300 meter candles. Time marked in I second. 


of the subdivisions singly is given in the respective square in figure 6b. 
^Wien the entire area was illuminated, the frequenej'^ of the resulting 
discharge exceeded the highest frequency obtained from any of the small 
squares alone. Figure 7 shows the records of the responses to illuminating 
the entire area and to illuminating its most effective subdivision at the 
same intensity. 

As noted previousl}'', excitation above an optimal limit results in di- 
minished responses in an optic nerve fiber. Thus it can happen that the 
response to the total area is actually less than that to any of its component 
subdivisions. The fiber, cited above, whose “off” responses illustrated 
the summation of subliminal effects from four subdivisions of an area, 
gave the following re.sponses wlien tested at an intensity 100 times higher. 
The indhddual squares, illuminated singlj'', gave “off” bursts having 
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initial frequencies of 265, 230, 205 and 195 impulses per second. In re- 
sponse to illuminating the whole area covered these four squares, at 
the same intensity, the initial frequency of impulses in the burst was 
onl.y 175. That this diminished respon.se was due to the exce.ssively high 
total excitation was shown by reducing the inten.sity of the light to y its 
previous value; illumination of the whole area then gave a re.sponse whose 
initial frequency was 240 impulses per second. Summation of excitation 
due to activity in convergent imthwa 3 'S takes place over the entire range 
of the response of the retinal ganglion cell. 

Spatial summation can take place, of course, only where there is con- 
vergence of the effects of stimulation. In the more simple e.ve of Liimdus, 
there is no convergence, and the re.sponse in a given optic nerve fiber 
depends onlj’- upon the illumination of the .sensory cell giving rise to that 
fiber. Illumination of adjacent areas of the e.ye has no effect upon this 
re.sponse (Graham, 1932). But where there is convergence there need not 
be summation; the response in the final common jiath might be deter- 
mined solelj’^ bj’ the most strongh’’ excited component. This is not so in 
the vertebrate retina, as was originall.v evident from the studies of Adrian 
and Matthews. The present experimental .stud,y furnishes direct evidence 
that the excitation of a single retinal ganglion cell is determined bj’’ the 
.summated effects of activity in the pathwaj'^s converging upon it. 

SUMMARY 

A study has been made of the action potentials of single optic nerve 
fibers of the frog’s retina, in response to illuminating areas of the retina 
of various sizes. In these experiments the fibers u.sed were from the 
peripheral retina, Avhere manj' receptor elements are connected ivith each 
retinal ganglion cell. 

The discharge of impulses in a single optic nerve fiber is stronger the 
larger the area of the retina illuminated, within the limits of the fiber’s 
receptive field. Except for verj^ strong illumination, the responses have a 
shorter latencj" and a higher frequency- the greater the number of re- 
ceptors illuminated. The threshold intensity is also lower the lai-ger the 
area of the stimulating patch of light. 

Vaiying the area of the retina illuminated bj-^ a fixed intensit.y affects 
the discharge of impulses in a single optic nerve fiber in the same Avay 
as varying the intensity of illumination of a fixed area. For threshold 
excitation and for levels of response aboi'^e threshold, onlj'^ the total quan- 
tity of light (AT) detei-mines the response, provided the illumination is 
confined to the central portion of the fiber’s receptive field. 

Excitation of a retinal ganglion cell above an optimal limit results in 
diminished responses in its optic nerve fiber: this effect can be produced 
bj-^ increasing either the intensity or the area of the retinal illumination. 
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The discharge of impulses in response to illumination of a given area 
within the receptive field of an optic nerve fiber has been compared with 
the responses to illumination of subdivisions of this same area. 1. Illumi- 
nation of the less effective subdi\dsions in the margins of the receptive 
field contributes correspondinglj’’ little to the summed effect upon the 
ganglion ceil. Illumination of areas entirely outside the receptive field 
has no effect upon the discharge of impulses. 2. Subliminal effects from 
the subdivisions of an area can sum to reach the threshold of the ganglion 
cell when all the subdivisions are illuminated together. From this it is 
concluded that more than one nerve impulse must reach the retinal gan- 
glion cell, over the pathways converging upon it, in order to excite a dis- 
charge in its optic nerve fiber. 3. The discharge of impulses in response 
to illummation of a given area is stronger than the strongest response 
from any subdmsion of this area, illuminated at the same intensity. 
This is true provided the ganglion cell is not stimulated too strongly; at 
veiy high levels of excitation the response to illumination of the entire 
area is diminished. 

An optic neiwe fiber is the final common path for nervous activity 
originating in man}’’ receptor elements of the retina; excitation due to the 
activity in the retinal pathways converging upon a single ganglion cell 
summates to deteiinine the response in its optic nerve fiber. 
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A number of investigators liave studied the effects of section of the 
spinal cord at the cervical level on temperature regulation and have re- 
ported conflicting results. The greatest damage to temperature regulation 
following such an operation was reported by Freund and Strasmann 
(1912). They found that cervical rabbits, i.e., rabbits with the spinal 
cord severed in the cervical region, w^hen subjected to very slight changes 
in environmental temperature showed such marked changes in rectal 
temperature that the animals could be considered poikilothermic. None 
of their animals survived more than 11 days and the nutritive state w'as 
poor. Sherrington (1924) did not find such great damage to tempera- 
ture regulation in cervical dogs, although he does state that it was neces- 
sary to keep them in a room heated to about 80°F. in order for them to 
maintain normal body temperatures. His animals were able to pant 
but they were unable to prevent their temperatures from rising under con- 
ditions where normals show'ed little or no change in rectal temperature. 
In these dogs he noted an absence of peripheral vasomotor changes and of 
erection of hair and in addition he noted that shivering only occurred in 
those regions whose innerv’-ation came from above the level of the cord 
section. Although the majority of the tests w'hich he performed were 
quite drastic they clearly demonstrated the inadequacy of temperature 
regulation in cervical dogs as compared to normals. If one examines 
closely the work of Issekutz et al. (1937) it wall be seen that only w'hen 
his cervical cats were kept in rooms at about 80° w^ere their body tempera- 
tures normal.2 In contrast to the above, other w^orkers have stated that 
cervical animals possess quite efficient temperature regulation. Popoff 
(1934) studied dogs in wffiich the spinal cord was destroyed below^ CsCe and 
in which the vagi had been sectioned at the level of the thyroid cartilage. 
He stated that such animals had the same temperature as normal dogs 
wffien kept at room temperatures of 50°, and that he had observed vaso- 

^ Aided by a grant from the Rockefeller Foundation. 

- In a series of 474 observations of morning rectal temperature on 32 unselected 
cats at varying room temperatures of about 65 to 85° the mean was 101.37° with a 
standard deviation of 0.79° (Clark, unpublished observations). 
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constriction in response to cold and vasodilatation in response to lieat. 
Quite unexplainably he also stated that “das Fell dor Hunder bedcckte 
sich manchmal mit ‘Schweisstropfen.’ ” Except for the latter, somewhat 
similar results have been obtained by Hermann, Morin and Crier (1938), 
Hermann, Morin and Galy (1938) and Morin (1938). Thauer (1935) 
states that after an initial period of thermolability (6-8 da3's) cervical 
rabbits can be kept at room temperatures of 65 to 70° and later can with- 
stand room temperatures of 40° without the body temperature falling. 
He further reported that such animals could withstand overheating as 
well as normals and that changes in the size of ear vessels occurred in 
response to changes in environmental temperature. The longest survival 
which he reported was 70 days. 

Because of this difference in results it seemed desirable to reinvestigate 
the ability of cervical animals to regulate their body temperature. Cats 
were utilized because considerable information has been accumulated on 
temperature regulation in normal cats (Clark, Magoun and Hanson, 1939). 
It was decided to prepare two series of animals in order to determine 1, 
the amount of recovery in ability to %vithstand chilling, and 2, the effect 
of long continued exposure to temperatures, sufficiently low to produce 
slightly subnormal temperatures, on the ability to Avithstand chilling. 
In each cat a laminectomy was performed under ether anesthesia, the cord 
cut in the lower cervical region and a small segment (1-2 mm.) removed. 
At autopsy the level of the transection was determined. In the second 
series the portion of the cord containing the scar was removed, fixed in 
formalin, embedded in nitrocellulose and stained by the ^'’an Gieson 
method. 

It Avas found that the care of high spinal animals Avas more time con- 
suming than difficult. Catheterization was usually necessary for the first 
3 days or so, but after that the urine could be pressed out. Occasionally 
enemas AA^ere necessary. The animals Avere supported on tightly stretched 
fish net and frequently turned to prevent the development of pressure 
sores. By careful cleaning perineal ulcers Avere aAmided. The diet con- 
sisted of 50 grams of ground beef hearts night and morning. At A’^ery 
infrequent inteiwals liver or “Pard” Avas substituted, hlost of the cats 
gained in Aveight and at autopsy had a thick layer of subcutaneous fat. 

First series. At first it Avas necessai-y to keep the animals in an incuba- 
tor set at 90°, but after about a Aveek t'liey Avere placed in a room AAuth an 
CA'^en temperature of approximately 82°. At Aveekly intei'Amls throughout 
•the months that this group was alloAA^ed to surAuve, their ability to 
react against cold Avas tested by placing them for from 1 to 5 houre in a 
room at about 68°. In most of the experiments made to detennine the 
ability of ceiwical cats to AAithstand chilling a room designed for paraffin 
cutting Avas utilized. This room was connected AA'ith a large ice-box by 
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two openings whose size could be varied by movable slides. A small fan 
was placed in the upper opening and the fan was connected in series with 
a resistance box. Proper selection of .size of the openings and the amount 
of resistance in series with the fan made it possible to maintain quite even 
temperatures in this room. As a matter of convenience the cats were fed 
their usual ration in the morning and the tests started 5 hours later. This 
procedure was followed in both series of animals. One month after the 
operation they were given hot box tests similar to those described by 
Teague and Hanson (1936). 

The ability of the first group of animals to regulate their body tempera- 
ture in a w^arm room improved with the lapse of time and was similar in 
all three. The record of cat 3 may be given as an example. An incubator 
temperature of 90° was necessary in order to maintain the rectal temjjera- 
ture of this cat vdthin normal limits for the fiist 3 postoperative days. 
On the 4th PO (postoperative) day it Avas possible to loAver the incubator 
temperature to 87°. On this same day this cat was taken out into the 
room at 79° for 3| hours and the rectal temperature dropped to 97.1° 
in spite of constant shivering in those areas with intact nerve supply. 
On the 6th PO day exposure to a room temperature 79° for 6| hours did 
not result in a fall in rectal temperature and on the 8th day 9 hours at 81° 
did not result in a drop. On the folloAAing day the animal was perma- 
nently removed from the incubator. Thereafter it was able to maintain 
normal body temperature in this room, the temperature of which averaged 
82° and seldom changed more than 3° in any one day, the maximum varia- 
tion being from 78° to 87° in the couise of the experiment. As long as 
the temperature was about 85° there Avas occasional shiA’^ering in those 
areas Avhose nerve supply came from above the leAml of the eord section 
and as the room temperature dropped the shiAmring became more marked. 

The temperatures at Avhich panting began in hot box tests, similar to 
those described by Teague and Ranson (1936), were found in these 3 cats 
to be only slightly above the average for normal cats and aa'cII AAuthin the 
normal range of variation. SAveating Avas never obseiwed. 

The tests of ability to Avithstand cold are summarized in table 1. Since 
normal cats have no difficulty in maintaining the normal Avarmth of the 
body at temperatures of 35 to 40° (and probably at much loAver tempera- 
tures) a failure to regulate at 65 to 70° represents marked impaiiment. 
The first test on cats 1 and 3 were made on the 16th and the last on the 
65th PO days and the first test on cat 2 Avas made on the 26th and the 
last on the 75th PO day. Again the responses of cat 3 may be taken as 
typical for the group. In the second test, on the 22nd PO day, this cat’s 
rectal temperature dropped from 101.1° to 98.8° after one hour in a room 
at 68°. By the 56th PO day there had been considerable recoveiy and 
the cat’s temperature dropped only 2° (from 100.9° to 98.9°) as a result 
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of 5 houi's’ exposure to 68°. There was no further recoveiy in the next 
9 days. It should be emphasized that this cat’s Aveight continued to in- 
crease throughout this period when there was no fui’ther improvement 
in ability to regulate against cold. 

Cats 1 and 2 did not show quite as marked recovery as did cat 3 for 
in the final tests it Avill be seen that the temperature of cat 2 dropped 
5° to 97.4°, that of cat 1 dropped 4.5° to 96.8°, while that of cat 3 dropped 
only 2.6° to 98.4°. Usually the greater portion of the drop occurred in the 
first hour of the test so that changes in the last two houis were slight. 
Although skin temperatures were not measured the foot-pads and eais 
felt warm to the touch. The cats shivered violently in those regions "with 

TABLE 1 

Cold box tests on cats loilh iransections of the spinal cord in the lower cervical region 


Rectal and room temperature in degrees Fahrenheit 


DATE 

CAT t 

RECTAL TEMPERA- 
TURE 

CAT 2 

rectal tempera- 
ture 

CAT 3 

RECTAL TEM- 
PERATURE 

COLD 

ROOM 

TEMPERA- 

TURE 

ANIMAL 

ROOM 

TEMPERA- 

TURE 

DURATION OF 
TEST 

Initial 

. Final 

Initial 

Final 

Initial 

Final 

5/23 

102.5 

98.8 

IRM 

97.4 

100.8 

96.6 

65 

83 

I hour 

5/29 

101.8 

97.8 

■ QQ 

97.8 

101.1 

98.8 

68 

82 

1 hour 

6/5 


97.4 


96.9 

100.1 

97.9 

68 

83 

2 hours 

6/12 


96.2 

I ISW 

96.2 

100.9 

95.0 

65 

80 

4 hours except 










cat 3, 2 










hours 

6/19 

99.6 

94.2 


96.1 

100.6 

97.6 

65 

79 

5 hours 

6/25 

mmmm 

96.7 


98.0 

101. 0 

99.0 

70 

81 

5 hours 

7/2 

IQQ 

97.0 


97.7 

100.9 

98.9 

68 

80 

5 hours 

7/9 


95.5 

IRQ 

97.0 

100.9 

98.6 

68 

83 

5 hours 

7/11 


96.8 

H 

97.4 


98.4 

68 

86 

5 hours 


intact nerve supply but shivering never occurred elsewhere. Erection of 
hair Avas never observed. 

Second series. The cats of the second series Avere placed in a large in- 
cubator (set at about 90°). There they rehiained for 51 days Avhen 3 Avere 
removed and placed in a large refrigerator Avhich had been designed so that 
acclimatization of spinal cats to cold could be attempted. This box had 
been divided into tAvo compartments by a A'^ertical, insulated partition. 
The two compartments, each of which had its own door, Avere connected 
•with openings at the top and bottom whose size could be varied at will. 
The cooling unit was in one compartment and 3 cats were placed on a sup- 
port of stretched fish net in the other. The cool air as it entered the cat 
compartment Avas mixed Avith air from the top of the compartment and 
forced to the bottom by a small electxlc fan. Since the temperature 
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of the room in which the refrigerator stood Avas usually about 80 to 85° 
the compartment in whicli the cats were kept could be roughly regulated 
at any desired temperature from 77° to 50°. The first 3 animals were 
kept in the refrigerator for l-J- months. Then they were returned to the 
incubator and similar acclimatization Avas attempted in 2 other animals. 
After this the first 3 AA'ere returned to the refrigerator, etc. During the 
period that an animal AA’as in the refrigerator it AA'as found necessary to 
increase the diet 15 grams, giAung 65 grams of ground beef hearts night 
and morning in order to prevent a loss in Avcight. At A’arying interA’-als 
tests were made of the ability of these animals to AAdthstand cold. The 
majority of these AA-ere made by placing the animals in a room at 65° for 
3 houre but in some cases loAver temperatures and longer times AA-ere used. 
A few experiments Avere performed to determine if sAA-eating occurred in 
response to heat and if shivering could be observed in regions AAdiose in- 
neiwation came from beloAv the leA’-el of the cord transection. 

In discussing the second series of animals cat 8 AA-ill be considered in 
detail. For the first 43 PO days it Avas kept in an incubator AA-hich for 
the first 3 days AA'as set for 90° and then reduced to 85°. From day to 
day there AA-as considerable A'ariation in the incubator temperature which 
ranged from 87° to as Ioav as 79°. During this period the cat’s rectal 
lemperature Avas usually AA-ithin normal limits but on the one occasion 
AA'hen the incubator temperature dropped to 79° the morning temperature 
AA'as 99.2°. On the 14th PO day the rectal temperature AA'as 99.9° and the 
incubator temperature AA'as 84°. After feeding the cat it AA-as placed in 
the general animal room where the cage temperature AA'as 74°. In 5 hours 
the rectal temperature had fallen to 94.6°. On the 44th PO day the ani- 
mal AA'as taken to the refrigerator, the temperature of AA'hich AA’as slowly 
reduced from 77° to about 72°. The cat ran markedly subnormal tem- 
peratures, dcA'eloped a diarrhea and AA'as returned to the incubator on the 
64th PO day. Nine days later it was again placed in the refrigerator 
AA'hich AA'as noAv set at about 73°. For the fiist 3 days the cat would be 
left in the cold until its temperature had dropped to beloAV normal leA'els 
and then it aa'ouM be taken out into the room AA'here the temperature Avas 
about 80-85°. I^Tien the cat’s temperature had risen to normal it AA'Ould 
be replaced in the refrigerator. After this period the animal remained 
in the refrigerator and its rectal temperature AA'as usually about 99°. On 
the 81st PO day the cat’s temperature dropped 3.2° to 96.3° as a result 
of 3 hours’ exposure to 65°. The folloAA'ing day it AA’as returned to the 
incubator Avhere it remained for 32 days. The morning AA'hen it AA'as placed 
in the incubator (average temperature 86°) its rectal temperature AA'as 98.0° 
and that afternoon it had risen to 104.1° and it did not fall as Ioav as 102° 
for 4 days (fig. 1). Thereafter the rectal temperature remained Avithin 
normal limits. On the 102nd PO day 3 hours’ exposure to 65° resulted 
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in a drop in rectal temperature of 3.6° to 96.8°. This final temperature 
was 0.5° Iiigher than after the attempted acclimatization. On the 104th 
PO day the animal was returned to the refrigerator, the temperature of 
which was lowered from room temperature to 68 to 70° in 24 hours. 
The refrigerator temperature remained at this level for 18 days. During 



Fig. 1. Shows the effect of returning cats to the incubator after a period of accli- 
matization to cold. A, B and C represent the temperature records of 3 such cats 
(nos. 5, 7 and 8) based on daily observations made in the mornings. D represents 
the average morning temperatures of 3 cervical cats already acclimated to the incu- 
bator and E the average temperatures of 2 normal cats under the same conditions. 
Observe that for the first 5 days the temperatures of the cats acclimated to cold 
were consistently higher than that of the cats already accustomed to the heat. 
The wide changes in temperature of the cervical cats are in marked contrast to the 
almost constant temperature of the normal animals in the same room. 

this period the cat's rectal temperatui-e was usually about 96 to 97°. 
Then the refrigerator temperature was increased to 72 to 74° and the ani- 
mal’s temperature increased to 98 to 99°. This second attempt at ac- 
climatization was successful for on the 1.37th PO day, after 33 days in the 
cold, S-hoims’ exposure to 65° produced a drop of 2.4° to only 99.6°. After 
this the animal was kept in the general animal room (75-77°) where it 
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Avas able to maintain its rectal tomperature within normal limits. At 
autopsy the section Avas found to be .slightly caudacl of the roots of C? 
and microscopic study of the scar revealed that there could be no question 
of the completeness of the transection. 

In table 2 are summarized the results obtained from the second series 
of cats. Taa^o tests are listed on each animal, i.c,, the best test after ac- 
climatization to cold and the best test after acclimatization to heat. 
By the best test is meant the test in AAdiich the final level of the rectal 
temperature AA’as the highest. In all cases, except as noted in the table, 
the tests AA^ere for 3 hours at 65°. It aa'III be seen that, Avhile only one of 

TABLE 2 


Evidence of acclimatization in cats with transection of the spinal cord in the lower 

cervical region 

Rectal temperature in degrees Fahrenheit 


CAT 

KUltBER 

BEST TEST AFTER 
ACCLIMATIZATION 

TO COLO 

DATS IN 
COLD 

POST- 

OPERATIVE 

DATS 

! ; 

BEST TEST AFTER 
ACCLIMATIZATION 

TO HEAT 

! 

DATS IN 
HEAT 

POST- 

OPERATIV'E 

DATS 

Initial 

Umpera- 

turo 

Final 

tempera- 

ture 

Initial 
tempera- i 
turo 

Final 

tempera- 

ture 

4 


100.0 

21 1 

110 

tm 

95.9 

87 

87 

5 


99.3 

35 1 

147 


98.8 

10 


6 

103.0 

100,6* 

11 

168 

mUm 

99.4 

10 

122 



99.2t 







7 

101.2 

100,1 

46 

155 

102.0 

96.6 

8 

94 

8 

102.0 

99.6 

33 

135 

100.4 

96.8 

21 

100 

9 

100.6 

99. 6t 

18 

149 

99.3 

97.5 

135 

135 

10 

100.0 

97. 9t 

18 

149 

99.9 

97.2 

112 

112 


* Three hours at 55 °F. 

t Six hours at 55°F. 

X In animal room average temperature 75°F. These two animals were never kept 
in ice box. 

the cats Avas able to maintain its rectal temperature above 99° after 3 
hours’ exposure to 65° Avhen acclimatized to heat, 6 of the 7 animals AA'ere 
able to do so after acclimatization to cold. The exception, and one of 
the other cats, Avere never placed in the refrigerator but had been in the 
general animal room Av^here the temperature averaged 75°. Cat 6 after 
acclimatization to cold Avas not seriously chilled by exposure to 55° for 
6 hours. 

As mentioned previously these tests of ability to prevent chilling Avere 
started 5 hours after feeding. An attempt was made to determine the 
influence of this short period between feeding and tests. Routine tests 
at 65° were made on cats 6 and 7 on the 186th and 183rd PO days respec- 
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lively. The rectal temperature of cat 6 remained within normal limits 
while that of cat i dropped 2.4° to 99.4°. On the following morning food 
was withheld and a cold test was started 16 hours after the previous 
evening’s feeding. As a result of 3 hours’ exposure to 65° the rectal 
temperature of cat 6 dropped 2.3° to 98.4° and that of cat 7, 5.4° to 97.2°. 
It is questionable which of the two tests truly represents the abilit}'- of 
these animals to withstand chilling. Bruhn (1940) found it necessary to 
withhold food for 24 hours in his metabolism studies of midbrain dogs. 

Very shortly after these cats recovered from the anesthetic it was pos- 
sible to elicit a crossed-extensor reflex. Throughout their survival period 
this reflex could consistently be obtained with only slight stimulation. 
In most of the animals it was not possible to elicit a scratch reflex until 
about 3 weeks after the operation, but after that it could be obtained 
easily. In those animals which survived 3 months or longer mass reflexes 
were often seen. A pinch of the tail or foot-pad, or a scratch on the side 
would produce at first a to-and-fro movement of the tail, a crossed ex- 
tensor reflex or a scratch reflex respectively, then if the stimulus were re- 
peated a few times, the activity would begin to spread, more and more 
muscle groups would become involved, and finally there would be vigorous 
twistings of the trunk, urination and occasionally defecation. After the 
spread had begun it was not necessary to continue the original stimulus. 
If the bladder or colon were distended it was much easier to secure this 
response. At first the nictitating membranes were relaxed but after a 
week or 10 days they returned to the usual position. At times, howei’-er, 
the nictitating membranes again relaxed and would remain relaxed for 
widely varying periods of time ranging from a fcAV minutes to several days. 
This phenomenon could not be correlated with differences in the level of 
the lesion nor with the condition of the animal. The pupillary response 
to light Avas normal. Pinching the rear fooVpad produced little, if any, 
change in pupil size, but on the contrary, a light pinch of the fore pad 
caused a marked dilatation. This is in agreement Avith the Avork of Ury 
and Gellhorn (1939) Avho stress the importance of inhibition of the third 
neiwe in reflex dilatation in response to pain. Maes (1939), aa4io tran- 
sected the spinal cord at Ci and maintained the cats under artificial respira- 
tion on a heating pad for 3 to 6 hours, stated that he Avas able to elicit 
treading, raising of the pelvis and tail moAmments characteristic of “heat” 
as a result of tapping the perineum AAdien the animals (previously treated 
AAuth estrogens) Avere held in a crouching position. While eleAmtion of the 
pelvis Avas not obserA'^ed, the other responses could be obtained con- 
sistently upon tapping the perineum of this series of cats. This AA’^as done 
AAdiile the animals AA'^ere lying on their sides and it is possible that if they 
had been held in a crouching position that elcAmtion of the pelvis, also, 
would haA'-e occurred. 
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In order to secure greater accuracy in the obseivations on sliivering than 
can be attained by the sense of touch (Sherrington, 1924) use was made 
of electrical recording. Electrodes embedded in Cambridge electrode 
jelly were applied to the skin overlying both extremities of the humeinis 
and femur on one side. The cat’s temperature was reduced to 95° by 
placing the animal in the cold compartment of the refrigerator at about 
40°. Then the animal was placed in a .shielded room and the electrodes 
connected with an amplifier and cathode ray oscillograph. In the mus- 
cles of the fore limb, whose inneia'ation came from above the lesion the 



D . go/sec 

Fig. 2. Muscle potentials from the fore limb A and hind limb B of a cat with 
low cervical transection of the spinal cord with a rectal temperature of 95° and C 
from the fore limb and D from the hind limb of the same cat after its temperature 
had been raised to 101.6°. The arrows indicate pinching of the opposite hind foot 
and the muscle potentials which follow are associated with the erossed extensor 
reflex. 

shivering was almost continuous (fig. 2A). The record from the hind 
limb (B) Avas taken a minute later. At the arrow the foot-pad Avas 
pinched and the ensuing actmty is that of the crossed extensor reflex. 
Then a heating pad was placed beneath the cat and its temperature was 
raised to 101.6° and a record taken from the front leg (C) and from the 
hind leg (D). The periodic acthdty of the heart muscle is seen in C and 
the crossed extensor reflex is seen in D folloAAung the arrow AA'hich indi- 
cates pinching the foot. In the chilled animal the shiA’^ering AA'hich Avas 
so obAuous in the record from the fore limb AA’^as absent in the hind limb 
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and it disappeared in the fore limb when the animal's temperature was 
raised. 

Obsenmtions on sweating are rendered difficult because of evaporation 
which can completely mask a slow secretion. To obviate this difficulty 
ffiigers from rubber gloves Avere used to cover the cat’s hind feet. Sev- 
eral normal cats were heated till panting occurred and in each case there 
was definite evidence of sweat inside the glove finger when it was removed. 
Four of the cendcal cats Avere similarly tested and in no case Avas there any 
indication of SAA^eat Avithin the glove finger. Mass reflexes in patients AAdth 
transected spinal cords are accompanied by sAveating (Head and Riddoch, 
1917) but in these cats, although mass reflexes accompanied by defecation 
and urination could be produced, sAA’^eating AA’'as neA’^er observed during 
these paroxysms. 

Since cat 6 shoAved during the entire postoperative period considerably 
better reactions to cold than any of the others and Avas finally able to 
stand an exposure for 6 hours to a temperature of 55° and emerge from 
the test AAuth a rectal temperature of 99.2° the question arises Avhether in 
this case the cord was completely cut. The cords from the second series 
of cats were fixed, embedded and cut in serial transveme sections and 
stained by the Van Gieson method. In none of the cords could evidence 
be found that the section had been incomplete and no bundle of uncut 
fibers could be traced across the scar. But in cats 4, 5, 6 and 7 the scar 
joining the severed parts of the cord together Avas so thin and irregular 
that it Avas equally impossible to be sure that no fibers crossed the scar 
joining the tAA'o ends together. If there Avere any such fibers they Avere 
feAV in number and could not be identified under the microscope. In 
the remaining 3 cats such a thick scar Avas found that there could be no 
question of the completeness of the cord section. 

Since shivering never occurs in muscles whose innervation comes from 
beloAV the level of the lesion and since erection of hair Avas never obseiwed, 
there seem to be only tAVO possible explanations for the acclimatization to 
cold. There must either be an increase in the basal metabolic rate or a 
chronic peripheral vasoconstriction. There is abundant evidence that 
changes in the thyroid gland occur as a result of exposure to cold (Uotila, 
1939; Starr, 1940; Baillif, 1937) and that changes in the hypophysis may 
be seen (Baillif, 1938). This indicates that the rate of secretion of thy- 
roxine may be increased as a result of long-continued exposure to cold. 
Indeed, Ring (1939) has recently shoAvn that sufficient exposure to cold 
Avill increase the resting metabolism of white rats an average of 16 per 
cent. Since in the cold tests the ears and foot-pads of the cats accli- 
matized to cold did not seem pei-ceptibly colder than those of cats from 
the incubator the other possibility — a chronic peripheral vasoconstric- 
tion — does not appear likely. 
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CONCLUSIONS 

The results of these experiments show that cats with transection of the 
lower cervical cord are unable to make the adjustments necessary for main- 
taining a normal body temperature when there occurs a sudden and con- 
siderable fall in environmental temperature. But these animals are still 
capable of a limited slow adjustment to cold, an acclimatization. This 
increased ability to withstand cold Avhich is acquired as a result of the 
gradual lowering of the environmental temperature is lost after the ani- 
mals have been kept again in a warmer environment and is probably due 
to an increased metabolic rate. 
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It has been previously demonstrated that samples of lymph collected 
from the lacteals and thoracic ducts of dogs from 3 to 5 hours or more after 
the ingestion of fat are strongly hemolytic (Johnson and Freeman, 1938), 
by making ordinary red blood cell counts on mixtures of equal quantities 
a, of whole blood plus l>Tnph“ (about 0.015 cc. of each), and h, of blood plus 
Ringer’s solution. Almost without exception the red blood cell counts 
made on blood and chyle mixtures w^ere low’er than the counts made on 
blood and Ringer’s solution mixtures. The supernatant fluid of centri- 
fuged samples of blood and chyle mixtures also show'ed definite evidence 
of hemolysis. These findings have been confirmed repeatedly, using the 
same technique with slight modifications. 

YTiat is this factor in chyle w-hich causes hemolj’’sis? The substance is 
found in the lacteals and thoracic duct only after fat-feeding. Ljunph 
obtained from these sources in fasting animals or from ceiwical or foot 
IjTnphatics in fat-fed animals does not hemolyze red blood cells w^hen 
mixed in equal quantities with w'hole blood. Thus, it is a substance which 
appears in the lymph only during the transport of products of fat absorp- 
tion, The. following substances were considered: 

1. Cholesterol. This has been showm repeatedly to be antagonistic to 
the hemol3’^tic action of such substances as fatty acids and saponin (Meyer- 
stein, 1912; Brinkman, 1929). Therefore, it wns not considered to be an 
important causative factor. 

2. Neutral fat. This is probably not an important factor since mixtures 
of equal quantities of blood plus milk or cream give the same red blood 
cell counts as blood mixed with Ringer’s solution. 

3. Bile salts. Sodium taurocholate is definitely hemolytic and might be 
involved in the hemolytic action of chyle. Since good quantitative meth- 
ods for bile salt determination are lacking, no chemical estimations w^ere 
% 

1 This work was in part aided by a grant from the Dr. Wallace C. and Clara A. 
Abbott Memorial Fund of the University of Chicago. 

* Heparin w'as used as an anti-coagulant for both blood and lymph in some cases. 
In other instances, intravenous injection of Chlorazol Fast Pink BKS (Modell, 1939) 
prevented coagulation of both blood and lymph. 
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attempted. However, the introduction of bile or bile salts into the in- 
testine yielded lymph possessing little or no hemolytic activity. There- 
fore, it seems that the r61e of bile salts in the hemolytic activity of chyle is 
probably insignificant. 

4. Osmotic pressure. No direct measurements of the osmotic pressure 
of chyle were made in this study, but the work of several investigators 
(summarized by Drinker and Field, 1933) indicates that the total osmotic 
pressure of tymph is even slightly higher than that of serum. Furthermore, 
many mixtures of potently hemolytic chyle and whole blood showed 
crenation of the red blood cells. These findings suggest that salt osmotic 
pressure changes are not involved in the hemolytic action. 

5. Hydrogen ion concentration. Determinations were made of hemolytic 
potency^ and the pH of lymph samples collected under oil. The pH was 
determined by means of a glass electrode and was found to remain almost 
constant throughout an experiment, having no apparent relationship to 
hemolytic potency. Table 1 is a typical protocol. 

TABLE 1 


The hemolytic potency and pH of thoracic duct lymph collected after fat feeding 


miE AFTER FAT FEEDING 

HEMOLrnC POTENCY OF LYMPH 

pH or I.TMPH 

hours 

par cent 


3! 

20 

7.357 

4 

34 

7.357 

ih 

6 

7.341 


3 

7.349 


6. Temperature. The temperature of the mixtures was kept constant 
without vaiying the results. 

7. Enzymes. Chyle samples were collected and divided into two por- 
tions. One portion was heated to 76°C. for 10 minutes; the other was 
untreated. No constant or significant differences in hemob’-tic potency of 
heated and unheated samples were ob.served. 

8. Glycerol. ' In an earlier report (Johnson and Freeman, 1938) it was 
suggested that gb'-cerol might be responsible for the hemotytic action of 
chyle. Other investigators (Ramond and Flandrin, 1904) had demon- 
strated large amounts of glycerol in the lacteals and thoracic ducts of dogs. 


Throughout the paper, percent hemolysis is used as an expression of hemolytic 


potency of samples tested. It is determined by the formula 


Cr - Cl 
Cr 


X 100, where 


C^is the control red blood cell count made upon mixtures of equal quantities of 
whole blood plus Ringer’s solution and Cl is the red blood cell count made upon mix- 
tures of equal quantities of whole blood plus the sample (usually lymph) whose hemo- 
lytic potency is being determined. 
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but they reported concentrations equally as bigb. in tbe portal and peripb- 
eral blood streams, where presumably no bemolysis occurs. In tbe present 
studj’’, gtycerol was placed directly into washed, intact intestinal loops, or 
gl 5 ’'cerol was fed with diets not containing fat in a number of dogs. This 
yielded thoracic duct lymph which was not hemolytic. These considera- 
tions seem to indicate that glycerol is probably not the substance which 
causes hemolysis. 

9. Free fatty adds and soaps. Of the substances found in the gut during 
fat digestion, there remain free fatty acids and soaps. Might not quanti- 
ties of these sufficient to cause hemol 3 '’sis escape resjmthesis into neutral 
fat and be absorbed into the lacteals? Several lines of evidence supported 
tills hypothesis. Placing oleic acid or sodium oleate in washed intestinal 
loops of dogs gave intensely hemol 3 ’tic chyle. Also, earlier workers (Faust 
and Tallqvist, 1907) fed fatty acid to one dog and a cholesterol ester to 
another, getting Ijmph with hemotytic power. They extracted the lymph 
vuth fat solvents, made a suspension of the dissolved material and showed 
that this also was hemolytic. 

In an attempt to discover whether free fatty acid and soap were re- 
sponsible for the hemolj^tic action of chyle, quantitative analyses for soap 
and free fatty acid were made. The analytic method emploj’^ed combined 
features of methods published by several workers (Boyd, 1936; Bloor, 
1915; FovnA^eather, 1926; Stoddard and Drary, 1929). Brie%, the 
method was as follows: 

A 3:1 alcohol-ether mixture (both freshly redistilled) was acidified with 
1 cc. of 3 per cent hydrochloric acid for each 50 cc. One cubic centimeter 
of the fluid containing fatty acid and soap was run slowly into 35 cc. of the 
mixture. This was lieated to about 60°C. for two minutes, stirred to 
prevent superheating, cooled and centrifuged. The supernatant fluid was 
then poured into a 50 cc. volumetric flask and the residue was re-extracted 
with 15 cc. of the alcohol-ether. Two 20 cc. aliquots of the alcohol-ether 
extracts were placed in evaporating dishes containing extracted and washed 
sand and were evaporated to dryness with gentle heat on a steam bath. 
The diy residues were each dissolved in 25 cc. of petroleum ether and were 
filtered through fat-free filter paper. The duplicate samples of petroleum 
ether extract were heated almost to boiling and were titrated with ap- 
proximatelj’- 0.02 normal sodium etlylate to a pink that did not change, 
using phenolphthalein as the indicator. Blanks, checks and knowns were 
run through the whole procedure. 

Checks on the method consisted in adding known quantities of soap 
and fatty acid to lymph or Ringer’s solution, and then analysing these 
solutions and emulsions as described above. The results are shown in 
figure 1, in which known milligrams added are plotted against milligrams 
detected by'- analy’-sis. If the recovery were perfect, all the points would 
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fall on the straight line drawn into the figure. The distribution of the 
points shows that not quite all of the added soap or acid was recovered. 
However, the results were considered sufficiently accurate for the purposes 
of this study. 

Next, the extent of hemolysis produced by mixing red blood cells with 
Ringer’s solutions to which known amounts of fatty acid and soap were 
added in vitro was determined. These findings are recorded graphically 
in figure 2, in which the milligrams of added soap or fatt}' acid are plotted 
against the hemolytic potencies. Lines are drawn connecting determina- 
tions made on individual animals. Although the fluctuations from 
animal to animal are considerable, it is apparent that there is a positive 
correlation between quantity of fatty acid or soap added and the hemolytic 
potency of the solution or emulsion. 

Finally, samples of thoracic duct lymph were analysed for soap and free 
fatty acid content. In fasting dogs, whose lymph showed no hemolytic 
activity, the quantities of soap and free fatty acid ranged from 1.0 to 2.0 
mgm. per cubic centimeter — too little to produce detectable hemolysis. 
Values ranging from 3.3 to 6.3 mgm, per cubic centimeter were found in the 
course of 3| to hours following fat-feeding. In a few instances, soap 
and free fatty acid were determined separately on each sample. The con- 
centration of free fatty acid alone in chyle rarelj’’ reached 1 mgm. per cubic 
centimeter. Using somewhat different methods, other investigators have 
also found free fatty acids and soaps in chyle. Faust and Tallqvist (1907) 
found about 12 mgm. of soap plus free fatty acid in the thoracic duct 
lymph” of a dog fed an oleic acid-cholesterol ester, and even more in a dog 
fed oleic acid. Munk (1880) also presents larger values for free fatty acid 
and soap than were found in the present study. Hoppe-Seyler (1879) 
calculated that from 2.5 to 4.0 mgm. of soap enter the blood stream bj'^ 
way of the chyle ever 3 ’' minute following the ingestion of fat. The work 
of Freeman and Friedemann (1935) indicates that about 12 per cent of 
the fatty acids in chjde are uncombined. Lastljq Artom and Peretti 
(1935) found that 2 per cent of the fatty acids were present in chyle as 
soaps and free fatty acids. 

Are the values reported here sufficient to account for the hemolysis 
observed? In each sample anatysed chemically, the hemolytic potency 
was also determined. In figure 3 the results are plotted, showing the re- 
lationship of the quantity of soap or fatty acid detected in lymph to the 
hemolytic potency of the lymph. The line drawn in figure 3 is derived from 
the data shown in figure 2 by connecting the averages of the points on 
figure 2. Points in figure 3 Ijdng above the line represent lymph samples 
containing at least enough soap or fatty acid to account for the extent of 
hemolytic potency observed. That the line in figure 3 is not placed too 
low is borne out by observations of Edwards (1939), MePhedran (1913), 
and Zinck, Clark and Evans (1922) who were able to produce definite 
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hemolysis with solutions of fatty acids and soaps even less concentrated 
than the solutions used in the present study. 

The data in figure 3 seem to indicate that, in general, the quantity of 
soap and fatty acid found in chyle is adequate to account for the hemolytic 
potency. One can only speculate on the failure of the points to distribute 
themselves along a straight line. Perhaps the variations in the resistance 
of corpuscles from different animals to these agents are partly'’ responsible. 
The data of figure 2 support this view. Perhaps there are variations in 
the anti-hemolytic action of serum, or in the concentrations of cholesterol, 
an anti-hemoljdic agent. Several workers (Liebermann, 1907; Noguchi, 
1907; Meyer, 1908; Meyersteiu, 1912; Zinck, Clark, and Evans, 1922; 



Pig. 1. Relation of added milligrams of soap and free fatty acid to milligrams as 
detected by analysis. The straight line indicates the theoretical location of the 
points if the recoveries were complete. 

Pig. 2. Relation of amount of soap or fatty acid added to Ringer’s solution (in 
vitro) to extent of hemolysis observed when this was mixed with equal quantities of 
whole blood. Lines are drawn through determinations made on the cells of individ- 
ual animals. 

Fig. 3. Relation of hemolytic potency to quantity of fatty acid and soap deter- 
mined by chemical analysis. The line drawn represents the averages of points 
plotted in figure 2. 

Brinkman, 1929) have shown that serum exerts a protective action against 
hemotysis by soaps and fatty acids. The presence of some anti-hemol 3 '^tic 
activity is suggested b}’’ the distribution of the points to the left, in figure 
3, since these points represent chyle samples containing more than enough 
fatty acid or soap to account for the hemolytic potency. Finally, there 
may be variable quantities of insoluble calcium soaps formed (Brinkman 
and Szent-Gyorgyi, 1923). 

^Vhether or not the figures reported are of significance, physiologically 
or pathologically, remains to be determined. It has been suggested 
(Johnson and Freeman, 1938) that absorption of these hemolytic agents 
into the lymphatics may be of adaptive value, since instead of entering 
capillaries at once, where red cells might be damaged, the hemolj’^sins 
enter the blood stream only after they have been diluted by lymph from 
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many parts of the body. Further, the diluted hemolysins are poured into 
a stream of blood returning from many regions, instead of initially en- 
tering and mixing with the blood of the intestine alone. It remains 
to be demonstrated that the direct entrance of these substances into the 
capillaries of the portal circulation would destroy or damage red blood 
cells. 

SUMMARY AJND CONCLUSIONS 

1. The existence of a hemolytic agent in thoracic duct lymph, during 
absorption of ingested fat, is amply confirmed. Other Ijunph is not 
hemolytic. 

2. E\ddence is presented that this hemolytic agent is not cholesterol, 
neutral fat, bile salts, enzymes, glycerol, or changes in osmotic pressure, 
hydrogen ion concentration, or temperature. 

3. The soap plus free fatty acid content of chjde is 3.3 to 6.3 mgm. per 
cubic centimeter during rapid fat absorption. INIost of this is probablj^ 
soap. 

4. These quantities are sufficient to account for the hemolytic action of 
chyle. 

5. The duct lymph of fasting dogs contains too little fatty acid or soap 
to produce hemolj^sis. 

6. The possible sgnificance of these findings is discussed. 
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In Studying the effect of varying the concentration of Na, K or Ca ion 
in Ringer’s solution on the frog-heart rate, I have found that the heart 
rate is depressed if the concentration of any one of these ions is sufficiently 
greater or less than that generally considered normal for this solution. 
This depression is usually of a progressive nature and appears to be due 
simply to the abnormality, or toxicity, of these experimental Ringer’s 
solutions. However, ivithin certain limits of concentration, the heart 
continues to beat for long periods without any great change in rate (Speal- 
man, 1938). These limits may tentatively be considered to be “physio- ' 
logically normal.” 

My previous studies have concerned only the heart rate ; and it is possible 
that the “normal” limits of concentration would be different for other 
activities of the heart. Unfortunately, most investigators who have made 
fairly extensive studies on the effect of ions on the cold-blooded heart have 
usually used concentrations which deviate widely from the values ordi- 
narily used in Ringer’s solution. (See Daly and Clark, 1921; Andrus and 
Carter, 1922, for the more recent, extensive studies.) It appears likely 
that they studied effects produced by rather abnormal solutions. 

The present investigation was carried out to establish the approximate 
“normal” concentration limits of the different ions (Na, K, Ca and H) 
wth respect to certain activities of the frog heart (the amplitude and 
duration of the ventricular response, -the systolic and diastolic tone, and 
the a-v time interval) and to study the effect of varying the concentration 
of these ions, when kept within “normal” limits, on these actmties. 

Methods. In all experiments, the heart was removed from the frog 
and perfused through the sinus venosus. The apex of the heart was at- 
tached to a heart lever. In the experiments on the amplitude of the 
ventricular response and on the tone (table 1), the extent of the excursions 
of the lever and the systolic and diastolic lengths of the heart were read 
from a millimeter scale held near the tip of the heart lever but not touch- 
ing it; this procedure avoided the variable frictional load present when a 
lever is in contact with a surface. In the experiments on the a-v time 
interval and on the duration of the ventricular response (table 2), tracings 
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TABLE 1 

The amplitt(dc of Ihc vcnlricnlar response and the tone in Ringer’s solutions of various 

compositions 

Table la gives a summary of the results obtained with Itinger’s solution containing 
various concentrations of CaCL. The concentrations of CaCU in mols per liter arc 
given at the heads of the columns. The solutions otherwise have the composition of 
normal Ringer’s solution. Tables lb, Ic and Id are constructed in the same manner 
and show the results obtained when the KCl concentration, the NaCl concentration, 
and the pH, respectively, were varied. Also included in table Ic are data obtained 
with Ringer’s solution containing 0.1 mol per liter of dextrose (second column from 
right) and with a Ringer’s solution containing half the normal concentration of NaCl 
and 0.1 mol per liter of dextrose (column at extreme right). 

The amplitude of the ventricular response is expressed as a decimal fraction of the 
value obtained in normal Ringer’s solution. For each experimental value of the 
amplitude of the ventricular response, two other figures are given; the upper-right 
figure represents the change in systolic tone, and the lower-right figure, the change 
in diastolic tone. ((+) indicates an increase and (— ) a decrease in tone.) The 
numerical values given for the tone changes were obtained by dividing the change in 
length of the heart by the amplitude of the ventricular response. (Sec text for a 
more complete explanation.) In the experiments marked with an asterisk, the heart 
rate was maintained constant at 40 beats per minute by electrical stimulation; in 
, the other experiments the heart was allowed to beat at its own natural rate. 0.00 
indicates the heart stopped contracting before measurements could be made. — 
indicates that no value was taken. 


a. CaCl- 


EXT . 

0.00025 

0.0005 

O.OOI 

0.002 (N. 

nixcER ’ s ) 

0.003 

0.004 

o.oos 

1 

— 


- 0.13 

0.87 

0.00 

0.00 

1.00 

0.00 



— 

2 

— 

- 0.44 

0.56 

0.00 

- 0.37 

0.63 

0.00 

0.00 

1.00 

0.00 

— 

+ 0.16 

1.16 

0.00 

— 

3 

— 

- 0.19 

0,81 

0.00 

— 

0.00 

1.00 

0.00 

1 

+ 0.04 

1.04 

0.00 

— 

4 

— 


— 

0.00 

1.00 

0.00 


i 

— 

5 

1 

- 0.33 

0.67 

0.00 

— 

0.00 

1.00 

0.00 


+ 0.12 

1.12 

0.00 

— 

6 * 

- 0.57 

0.30 

- i - 0.13 

- 0.24 

0.76 

0.00 

— 

0.00 

1.00 

0.00 

— 

- 0.04 

0.95 

+ 0.01 

- 0.04 

0.89 

+ 0.07 
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TABLE 1 — Conlinved 


a. CaCIs — Continued 


EXP. 

0.00025 

0.0005 

0.001 

0.002 (N. 
hinoer'b) 

0.003 

0.004 

1 

o.oos 

7 * 

- 0.21 

0.58 

+ 0.21 

- 0.14 

0.81 

+ 0.05 

i 

0.00 

1.00 

0.00 

i 

- 0.07 

0.99 

- 0.06 

- 0.10 

0.79 

+ 0.11 

8 * 

- 0.48 

0-45 

+ 0.07 

— 

- 0.08 

0.92 

0.00 

0.00 

1.00 

0.00 

1 


- 0.07 

0.87 

+ 0.06 


b. KCl 


EXP. 

0.00025 

0.0005 

0.001 

0.002 ( N . 
ringer’s) 

0.004 

o.oos 

0.016 

1 

— 

— 


0.00 

1.00 

0.00 


— 

— 

2 


— 


0.00 

1.00 

0.00 

0.00 

0.99 

+ 0.01 


— 

3 

— 


^Bnnn 

0.00 

1.00 

0.00 



— 

4 


— 

- 0.18 

0.88 

- 0.06 

0.00 

1.00 

0.00 

0.00 

1.04 

- 0.04 



5 * 

— 


- 0.07 

0.92 

+ 0.01 

0.00 

1.00 

0.00 

+ 0.06 

1.00 

+ 0.06 

- 0.23 

0.73 

+ 0.04 

— 

6 * 

- 0.15 

0.85 

0.00 

+ 0.10 

1.08 

+ 0.02 


0.00 

1.00 

0.00 

- 0.05 

0.98 

- 0.03 

- 0.02 

1.00 

- 0.02 

- 0.06 

0.82 

+ 0.12 

7 * 

- 0.20 

0.59 

+ 0.21 

- 0.01 

0.84 

+ 0.15 


0.00 

1.00 

0.00 

— 

+ 0.01 

1.00 

+ 0.01 

- 0.45 

0.38 

+ 0.17 


c. NaCl 


EXP. 


0.05 

0,10 (normal 
ringer’s) 

0.13 

0.20 

0.10 4- 0.10 M 

DEXTnOSE j 

0.05 + 0.10 M 

DEXTROSE 

— 

0.00 

1.00 

0.00 

+ 0.07 

1.06 

+ 0.01 

1 
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TABLE I— Concluded 


c. NaCl — Continued 


EXP. 

0.05 

0.10 (nohmai. 

RtNOEn’s) 

0.13 

0.20 

0.10 -f 0.10 M 

DEXmOSE 

0.05 + 0.10 M 

DEXTROSE 

2 

— 

0.00 

1.00 

0.00 

+ 0.21 

1.13 

+ 0.08 

— 

+ 0.15 

1.10 

+ 0.05 

— 

3 

— 

i 0.00 

1.00 

0.00 

+ 0.11 

1.11 

0.00 

— 

+ 0.05 

1.10 

— 0.05 

— 

4 

j 

— 

0.00 

1.00 

0.00 

+ 0.14 

1.14 

0.00 

— 

- 0.12 

0.90 

- 0,02 

— 

5 * 

- 0.34 ! 

0.52 

+ 0.14 

0.00 

1.00 

0.00 

- 0.04 

0.99 

- 0.03 

- 0.11 

0.69 

+ 0.20 

- 0.02 

0.98 

+ 0.00 

- 0.06 

0.94 

0.00 

6 * 

- 0.21 

0.68 

+ 0.11 

0.00 

1.00 

0.00 

+ 0.04 

1.02 

+ 0.02 

- 0.14 

0.76 

+ 0.11 

- 0.03 

0.96 

+ 0.01 

- 0.13 

0.84 

+ 0.03 

7 * 

- 0.18 

0.49 

+ 0.33 

0.00 

1.00 

0.00 

+ 0.01 1 

1.03 

- 0.02 

- 0.15 

0.69 

+ 0.16 

+ 0.02 

1.01 

+ 0.01 

+ 0.06 

1.04 

+ 0.02 


d. pH 


EXP- 

3.0 

4.3 

6.8 

! 

1 7,0 

7.7 ( N . 
niNOEn’s) 

8.3 

9.6 

10.6 

1 * 

1 

0.00 

1 

— 

- 0.01 

0.95 

+ 0.04 

0.00 

1.00 

0.00 

— 

— 

— 

2 * 

— 

— 

— 

— 


- 0.04 

0.98 

- 0.02 

— 

0.00 

3 * 

— 


— 


0.00 

1.00 

0.00 

+ 0.03 

1.02 

+ 0.01 

— 

- 0.18 

0.64 

+ 0.18 


— 

— 



■n 

— 

- 0.13 

0.88 

- 0.01 

- 0.17 

0.65 

+ 0.18 

5 * 

— 

1 

- 0.12 

0.86 

+ 0.02 

-O.Olj 

0.98 

+ 0.01 

0.00 

1.00 

0.00 

— 

- 0.13 

0.87 

0.00 

i 
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TABLE 2 

7/ie a-v time interval {A-V) and the duration of the ventricular response {DVR) in 
Ringer’s solutions of various compositions 
The column at the extreme left shows the concentration of the substances studied 
in mols per liter ; otherwise each solution has the composition of normal Ringer’s 
solution. All values obtained in these experiments are expressed as decimal frac- 
tions of the values obtained in normal Ringer’s solution. Average values are given 
in the column at the extreme right. The dash ( — ) indicates that no value was taken 
with that solution in the experiment. 


1 

EXPERI- j 

EXPERT- 

1 

EXPERT- j 

EXPERT- 

EXPERT- 

WENT 1 1 

ment2 

MENT 3 1 

KENT 4 

KENT 5 


a. CaCL 


0.0005 



Hi 

HI 

■nn 


A-v 

■19 

0.93 




0.94 

Dm 


0.81 

n 

^^9 

■l^s 

0.81 

0.001 





■|9 


A-v 

— 

1.00 

0.83 



0.98 

DVR 

— 

0.84 

0.86 



0.87 

0.002’’^ 







A-V 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

DVR 

1.00 j 

1.00 1 

1.00 

1.00 j 

1.00 j 

1.00 

■ 


b. KOI 




0.001 

H 


HHUI 

■■III 

■1 


A-v 


1.21 





DVR 1 

1 

H 

1.03 




1.18 

0.002* 

1 






A-V 

■En 

1.00 

1.00 

1.00 

1.00 

1.00 

DVR 

Bl 

1.00 

1.00 

1.00 

1.00 

1.00 

1 

0.004 



i 




A-V 

0.90 

1 1.03 

' 0.78 

0.69 

0.71 

0.82 

DVR 

0.8G 

i 0.74 


0.94 

0.64 

0.79 

c. NaCl 

0. 100* 




1 

i 

HI 

A-V 

1.00 

1.00 

■19 

1.00 

1.00 

HH 

DVR 

1,00 

1 

1.00 


1.00 

1.00 

HI 

0.125 






■1 

A-V 

1.02 

0.91 

0.95 

0.94 

1.00 


DVR 

1.00 

0.97 

1.25 

1.00 

1.00 

B 

o.ioot 






B 

A-V 

1.25 

1.02 

0.91 

— 

1.07 


DVR 

1.21 

i 

1.37 

1.38 

— 

L28 

m 
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TABLE 2 — Concluded 



EXPEHI- 

EXPEKI- 

EXPEKI- 1 

EXPEBI- 

EXPEni- 

AVEBAOE 


MENT 1 

MENT 2 

WENT 3 

MEot4 

MENT 6 


d. pH 


6.9 







A-V 1 

1.03 


1.03 

— 

1.00 


DVR 

1.00 

0.98 

j 

0.91 

1 

— 

0.97 

0.97 

7.7* 


A-V ! 


1.00 

■SB 


1.00 

1.00 

DVR 

1.00 

1.00 

m 

1.00 

1.00 

1.00 

8.4 







A-V 

0.94 

0.94 

— 

1.00 

1.00 

0.97 

DVR 

1.00 

1.12 

— 

0.90 

1.03 

1.01 


* Normal Ringer’s, 
t + 0.10 M/L dextrose. 


were made on a constant speed kymograph. In these experiments a lever 
was also attached to one of the atria. The a-v time inteiwal was deter- 
mined by measuring the distance on the drum between the upstroke of the 
two levers; the duration of the ventricular response was determined by 
measuring the distance between the point at which the lever started to 
rise and a more or less arbitrary point at which the lever returned to the 
base line. 

The procedure in all experiments was to make the necessary measure- 
ments or tracings, first, mth the heart perfused with normal solution, 
then with the heart perfused with the experimental solution, and finall}’’ 
with the heart again perfused Avith normal solution. In the experiments 
on the amplitude of the ventricular response and on the tone, 3 measure- 
ments were made at 5 minute in tennis wdth each solution; in the experi- 
ments on the a-v time intennl and on the duration of the ventricular 
response, 3 measurements were made at 10 minute intervals vdth each 
solution. 

In most of the experiments, the heart was allowed to beat at its normal 
rhytlim. In some of the experiments (marked vdth asterisks in the tables) 
the heart was driven by means of electrical stimulation at a rate of 40 
beats per minute; in these experiments, the sinus venosus was removed 
from action by tying the cannulating ligature on the atrial side of the white 
crescentic line. The reason for using artificial stimulation in some of 
these experiments was to rule out the possibility that a change in the heart 
rate was responsible for some of the effects found; for it is known that the 
heart rate affects certain other activities of the heart, e.g., the amplitude 
of the ventricular response. 

Each value reported in the tables for the amplitude of the ventricular 
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response, for the duration of the ventricular response, and for the a-v time 
interval was calculated by dividing the average of the values obtained 
with the experimental solution by the average of the values obtained with 
ilormal Ringer’s before and after perfusion with the experimental solution. 

The values given for the tone changes require some comment. The 
readings actuall}'’ taken were the positions of the tip of the heart lever on 
the millimeter scale during complete systole and complete diastole. An 
elevation of the position of the lever, in either systole or diastole, occurring 
during perfusion with an experimental solution is termed plus (+) in the 
table; a depression is termed minus (— ). These correspond respective^ 
to an increase in tone (decrease in length of the heart) and to a decrease 
in tone (an increase in length of the heart). In order to show quantita- 
tivel}'' the changes in systolic and diastolic lengths, the actual differences 
in millimeters between the S 3 '^stolic positions and between the diastolic 
positions of the lever during perfusion ndth normal Ringer’s solution and 
during perfusion with the experimental solution are divided by the ampli- 
tude of the ventricular response (extent of excursion of the lever) occurring 
during perfusion mth normal Ringer’s solution. The figures so obtained 
show the quantitative changes in the sj'stolic and diastolic lengths of the 
heart which result in a change in the amplitude of the ventricular response. 
For example, in table la, the figures under the column headed 0.0005 M/L 
Ca ion in expeiiment 1 signify that the amplitude of the ventricular re- 
sponse occurring wth that solution was 0.65 the amplitude of the ventricu- 
lar response occurring -svith normal Ringer’s solution, i.e., there was a 
decrease in the amplitude of contraction of 0.35 of the original amplitude. 
Of this decrease, 0.33 was due to an increase in systolic length of the heart 
and 0.02 was due to a decrease in diastolic length of the heart. 

Results. Table 1 shows the effect on the amplitude of the ventricular 
response and on the systolic and diastolic tone (length) of varjdng the Na, 
K, and Ca ion concentrations, the pH, and the osmotic pressure. The 
table shows that the amplitude of the ventricular response becomes smaller 
if the concentration of any of these ions deviates too far from normal. 
With concentrations closer to normal, the heart is not greatW affected 
except by Ca ion which causes an increase in the amplitude of the ventric- 
ular response and an increase in systolic tone as the concentration of this 
ion is increased. 

Table 2 shows the effect on the a-v time interval and on the duration 
of the ventricular response produced by variation of the Na, K, and Ca 
ion concentrations, the pH, and the osmotic pressure. The various ions 
were studied only in concentrations close to normal. This was done 
because the heart will not maintain a constant beat outside this range, and 
it is undesirable to use artificial stimulation. The table shows that K ion 
causes a decrease in the a-v time interval and a decrease in the duration 
of the ventricular response as the concentration of this ion is increased. 
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Ca ion causes an increase in the duration of the ventricular response as 
the concentration of this ion is increased. Addition of dextrose (increasing 
the osmotic pressure) caused an increase in the duration of the ventricular 
response. The heart is not significantly affected in these respects by the 
other ions. 

Discussion. ■\^Tien the concentration of any one of the positive ions 
in Ringer’s solution is sufficienth’' different from that usually used in 
noi-mal Ringer’s solution, the amplitude of the ventricular response de- 
creases. This decrease appears to be associated with an increase in 
sj'^stolic length and a decrease in diastolic length of the heart; the result is 
that there is less difference between the contracted and the relaxed lengths 
of the heart. Because these changes are not related to anj- particular ion, 
it is probable that this behavior is simply a non-specific response of the 
heart to abnormal or toxic solutions. A further fact supporting this 
conclusion is that tliis behavior of the heart is usualh’" progi'essive; that is, 
when the heart is perfused with one of the solutions wliich cause this 
behavior, the systolic and the diastolic lengths of the heart become more 
nearly the same as time goes on. Finally, as I have previously mentioned, 
in studying the effects of ions on the heart rate, I have found that outside 
of certain limits of concentration, the rate usuallj’’ became progressive!}’’ 
less (Spealman, 1938). These limits are practically the same as the con- 
centration limits (which may be inferred from table 1) outside of which the 
contractile ability of the heart shows evidences of failing. I think it is 
justifiable to conclude that the concentration limits suggested in table 1 
of this publication (also see Spealman^, 1938) can be considered as the 
approximate “normal” limits of concentration for each of these ions for 
the perfused frog-hearts used here (Rana pipiens, winter frogs). 

There have been but few studies carried out vathin these “normal” 
limits. However, the effect of Ca ion on the amplitude of the ventricular 
response has been studied over the “normal” range b}"^ Clark (1928), and 
it is well knoAvn that increasing the concentration of this ion increases the 
amplitude of the ventricular response as table 1 shows. In fact McLean 
and Hastings (1934) have used this as a method for determining ionized 
calcium in mammalian blood. This increase is due entirely to a decrease 
in the systolic length of the heart. 

It is usually stated that changes in K ion concentrations also affect 
(in the opposite direction to Ca) the amplitude of the ventricular response. 
In fact, Trendelenburg (1921) gives cun’^es showing this. It is likely 
that the decrease in amplitude of the ventricular response found by Tren- 
delenburg was obtained only by K ion concentration sufficiently high to be 

1 In this publication, the values for Na ion concentration are too high by 0.016 
M/L. This was due to the fact that the NaHCOj concentration was taken to be 
0.0175 M/L; the concentration actually was 0.00175 M/L. 
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“abnomial/’ As mentioned above, a decrease in the amjilitiido of the 
ventricular response can be obtained easil}' by sufficiently increasing or 
decreasing the concentration of any of the ions of Ringer’s solution. I 
found no change in the amplitude of the ventricular response when K ion 
concentration was varied in the region of its noiTnal value, 

Ca ion seems to be the only factor studied which, in reasonable con- 
centration limits, affects the amplitude of the ventricular response or the 
tone. The studies with Na ion deserve some comment, for an additional 
factor, the osmotic pressure of the solution, becomes important here. I 
have varied the Na ion concentration 1, by changing the NaCI concentra- 
tion (which also allows the osmotic pressure to vaiy), and 2, by decreasing 
the NaCl concentration and adding dextrose in sufficient concentration 
to maintain the osmotic pressure (see column to extreme right of table Ic). 
In neither case was the amplitude of the ventricular response or the tone 
greatty changed within “normal” limits. (The first 4 experiments with 
0.13 M/L NaCl show some increase in the amplitude of the ventricular 
response; however, this effect was not obtained in the 3 experiments in 
which artificial stimulation was used. The moderate effect in the first 4 
experiments is probably not significant.) Addition of dextrose to normal 
Ringer’s solution (to increase the osmotic pressure) did not greatly affect 
these properties of the heart. It might be expected that the amplitude 
of the ventricular response in the experiments without artificial stimulation 
would be changed somewhat, since dextrose decreases the heart rate; 
for it is well knovm that decreasing the heart rate may affect the amplitude 
of contraction. In 2 of these 3 experiments there is an increase in the 
amplitude of the ventricular response; but in the 3 experiments where 
artificial stimulation was used, there Avas no effect on the amplitude of 
contraction. It maj^ be concluded that neither Na ion concentration nor 
osmotic pressure appreciably affect these properties of the heart. 

As table 2 shows, the duration of the ventricular response becomes 
greater as the K ion concentration is decreased, and, to a smaller extent, 
as the Ca ion concentration is increased. The Ca ion action may be simply 
secondary to the effect of Ca ion on the amplitude of the ventricular 
response; for it is reasonable to expect that if the muscle contracts more 
completely, it vnll take a longer time for the response to occur. 

Increasing the osmotic pressure vith dextrose also increases the duration 
of the ventricular response to some extent. This is probably due to the 
fact that the heart rate is decreased by dextrose; for I have found (un- 
published results) that the duration of the ventricular response is increased 
as the heart rate is decreased (artificial stimulation). 

K ion appears to be the only factor studied here which appreciably 
affects the a-v time interval. As my experiments show, the a-v time 
interval is decreased as the K ion concentration is increased. 
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CONCLUSIONS 

1. All positive ions ordinarily included in Ringer’s solution must be pres- 
ent Avithin certain concentration limits in order that the perfused heart can 
function properly for a long period of time. Outside these limits all ions 
produce rather similar depressive changes in the heart activities studied. 
These changes appear to be non-specific, and due to the fact that the solu- 
tions are too abnormal to allow the heart to function properly. 

2. Certain activities of the heart are specifically modified when the 
concentrations of certain positive ions are varied wthin what may be 
teiTned their “normal” limits. An increase in Ca ion concentration causes 
an increase in the amplitude of the ventracular response, an increase in 
systolic tone, and an increase in the duration of the ventricular response. 
An increase in K ion concentration causes a decrease in the a-v time interval 
and a decrease in the duration of the ventricular response. The acti\dties 
of the heart investigated here are not appreciably affected by variation 
within “normal” limits of the Na ion concentration, the osmotic pressure, 
or the pH. 
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The blood and tissue fluid constitute important links in the chain of 
mechanisms by which man regulates his body temperature. It is reason- 
able to expect, therefore, that changes of climate maj’’ cause marked varia- 
tions in the volume of either the blood or tissue fluid and also changes in 
their composition. Barcroft (1, 2, 3) while on his way to the Peruvian 
Andes found that the blood volume (calculated from cell volume measured 
with CO) increased about 35 per cent in three members of this party while 
they were sailing through the tropics, and decreased again as they got 
further south to cooler weather. More recently, Bazett (4) has reported 
increases of 30 to 40 per cent in the blood volume (calculated from the 
plasma volume measured with vital red) as the summer heat struck Phila- 
delphia, and 8 to 48 per cent in six subjects who, in the wintertime, spent 
a few days in a room at 32°. In the course of some studies during the 
past summer in the hot and humid “Delta” region of Mississippi, in the 
to^vn of Benoit, halfway between Memphis and Vicksburg, we were able 
to make 65 determinations of plasma volumes and of “available fluid” 
in three groups of individuals. The first group consisted of ten laboratory 
workers who were measured both in Boston and Mississippi, the second of 
white sharecroppers native to Mississippi, and the tliird of colored share- 
croppers native to Mississippi. In addition, we made a few measurements 
on colored boys and on less active adults. 

The techniques used were essentially those of Gregersen and Stewart 
(5) and of Gibson and Evelyn (6). However, as we made some slight 
modifications, our method Avill be described briefly. The subject came 
to the laboratory in the morning fasting and lay down for half an hour. 
Four cubic centimeters of blood were then drawn from the antecubital 
vein, and 1 gram of NaSCN dissolved in 20 cc. of water was injected 
intravenously, followed immediately by 15 mgm. of the dye T1824 dis- 
solved in 10 cc. of water. Four blood samples of 4 cc. each were then 
dravm at approximately 15-minute intervals, usually from the opposite 
antecubital vein, followed by two more samples at hourly intervals, the 
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subject remaining on the bed. The blood was transferred to a hematocrit 
tube of 4 cc. capacity and containing 1 drop of heparin solution. (This 
contained 0.8 per cent NaCl and 400 units of heparin (Connaught Labora- 
tories, Toronto) per cc.) The samples were centrifuged for an hour, and 
the concentration of dye in the plasma determined on the Evelyn photo- 
electric colorimeter. For the determination of the NaSCN, 1 cc. of the 
plasma was then squirted rapidly from an accurately calibrated sjuingc 
into 10 cc. of 10 per cent trichloroacetic acid and the precipitated proteins 
were removed by filtering. Eight cubic centimeters of the filtrate were 
added to 3 cc. of 10 per cent acid ferric nitrate and the resulting color read 
irithin a minute or two. It was observed at the high temperatures and 
under the rather intense light prevailing in the laborator}’’ in Mississippi 
that the color faded sufioicientlj’' rapidly to produce errors if the solutions 
were allowed to stand over 5 minutes after the color had developed. 

The calculations for the plasma volume and the available fluid followed 
the lines laid down by Gregersen (5) and Gibson (6), but the blood volume 
Avas calculated from the plasma volume and the hematocrit without making 
the rather large correction suggested bj’’ Gregersen to allow for the greater 
proportion of plasma in the capillar}’- blood. The “available fluid” w’as 
calculated directly from the concentration of NaSCN in the plasma from 
the last three samples of blood, i.e., those taken at one hour, two hours, 
and three hours after the injection. The “interstitial fluid” was calculated 
by subtracting from the “available fluid” the plasma volume -f- 70 per 
cent of the cell volume (the cells being about 70 per cent water). These 
terms and figures are arbitrary and take no account of the uncertain but 
probably small amount of NaSCN which enters certain cells, e.g., those of 
the salivary glands. They are the same terms and figures that Gregersen 
and Stewart used, -with the one important exception noted above, namely, 
that Ave made no correction for the increased propoilion of plasma in the 
capillary blood. Our reasons for omitting this correction are that its 
proper A’^alue is not knoAvn, that we feel Gregersen’s figure is too large, and 
that as many other authors, especially Barcroft (2) and Gibson (6), haA’-e 
not made this correction our figures Avill be more readily comparable wdth 
theirs if Ave omit it. The work of Manery and Hastings (7) suggests that 
it may not be possible to dmde tissues into those which do take up NaSCN 
and those AA^hich do not, but rather into those which take more and those 
which take less. It is probable therefore that our values run high rather 
than low. 

Judging from the consistency of the values obtained from different 
samples in the same experiment and also from repeated determinations 
on the same individual, the probable error of the method Avas about 2 
per cent for the plasma volume and betAA'een 1.5 per cent and 2 per cent 
for the aA’^ailable fluid. In many experiments the probable error vras less 
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than this, but there were also many in which the plasma, though clear to 
the eye, gave readings on the colorimeter suggestive of a slight cloudiness, 
perhaps attributable to a large meal rich in fat the preceding evening. In 
these the probable error was 2 per cent to 4 per cent for the plasma volume, 
but the available fluid determinations were not affected. On the other 
hand, though repeated determinations of available fluid on one subject 
under the same conditions gave fairly consistent results, there was a dis- 
quieting amount of difference between individuals and big changes with 
changed conditions. It is possible that these variations may be due in 
part to changes in the permeability of certain cells to NaSCN as well as to 
changes in the amount of interstitial fluid. 

The climate in this region of Mississippi during the summer is uniform, 
hot, and damp. In the period between June 6 and August 16, during 
which our observations were made, the highest temperature was 101°F, and 
the lowest 68°F. The mean of the daily highs was 93°F. and the mean 
of the lows 73°F. These were the outdoor temperatures; indoors the 
fluctuation was undoubtedly less. The mean humidity at 6:30 a.m. 
was 88 per cent, at noon 59 per cent, and at 6:30 p.m. 65 per cent. The 
average precipitation was 2.8 inches per month and it came principally 
as thunder-showers. The “percentage of sunshine” was 65. These 
figures for temperature and rainfall are taken from the United States 
Weather Bureau data for Greenville, Mississippi, a town about twenty 
miles south of Benoit and very similar in climate. The humidity and 
sunshine figures are averages of the observations made at Vicksburg and 
Memphis, the nearest cities on each side of Benoit at which such observa- 
tions are made, and similarly situated with respect to the river. 

Our results with respect to blood and plasma volumes agree qualitatively 
but not quantitatively with Barcroft’s and with Bazett’s. They are given 
in the tables but may be summarized as follows. Of the ten Whites who 
had determinations made upon them in Boston (or elsewhere in the North) 
during the winter (November through April inclusive), nine lost weight, 
on the average 2 kgm., and one gained 1 kgm. on going to Benoit. In 
some individuals part of this loss occurred before reaching Mississippi. 
In five the hematocrit reading increased, in one it was unchanged, in four 
it went down, the average increased insignificantly. The plasma volume 
increased in eight and decreased in two subjects, the greatest increase 
being 420 cc. and the greatest decrease 245 cc. The average went up 4.2 
per cent in contrast with Barcroft’s 35 per cent and Bazett’s 30 per cent. 
The average plasma volume per kilogram and per square meter of body sur- 
face increased a little more (because of the loss of weight), 6.1 per cent and 4.7 
per cent respectively. Since the average hematocrit value was practically 
unchanged, the percentage change in blood volume was almost the same 
as in plasma volume. In general, those individuals who showed the largest 
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increases in plasma volume showed decreases in their hematocrit readings, 
while those Avhose plasma volume increased but little or decreased in the 
hot weather showed increases in their hematocrit readings. 

There was no consistent change in plasma volume between the first set 
of determinations, which were made 'vrithin ten da^^s of arrival, and the 
second set made a month later. Some individuals went up, some dovm. 


TABLE 1 

Plasma volumes in Boston, Massachusetts , and in Benoit, MississijiTpi 



Highest 

48 

188 

84.0 

79.0 

-fl.O 

3,845 

3,880 

-H20 

55.3 

52.9 

+0.9 

2.11 

1.98 

+0.21 

Lowest 

26 

165 

61.5 

01.2 

-5.0 


3,230 

-245 

lED 

45.0 

-3.2 

1.67 

1.81 

-0.13 

Average 

34.3 

175 

74.0 

72.0 

-2.0 

3,436 

3,5S1 

+145 

46.4 

49.3 

+2.8 

1.82 

wm 

egiAiMil 




% change 

-2.7 

% change 

+4.2 

% change 

+6.1 

% change 

+4.7 




B. 

Seven White sharecroppers in Slississippi 





Highest 

21 


■ 

71.5 

■ 

■ 


n 

■j 

58.5 

■ 

■ 

2.01 


Lowest 

17 



53.5 



iaS! 



40.9 



1.75 


Average 

18.9 


■ 

04.6 

■ 

H 

3,410 

■ 

1 

53.0 

1 

■ 

1.89 



C. Twenty-one Colored sharecroppers in Mississippi 


Highest 

Lowest 

Average 

24 

17 

20.1 

181 

105 

174 

1 

72.3 

55.3 
61.9 

1 

1 

m 

1 

1 

59.2 

44.4 

53.6 

1 

■ 

2.14 

1.59 

1.89 


D. Two Colored servants in Mississippi 

Highest 

23 

194 

n 


■ 

m 

iii 

m 

■ 

57.2 

■ 

n 

2.13 


Lowest 

22 

178 








53.3 



2.05 


Average 

22.5 

186 

■ 


■ 

■ 

IQ 

■ 

■ 

55.3 

■ 

■ 

2.10 


E. Four Colored boys from sharecroppers’ families in Mississippi 

Highest 


154 

■ 

33.7 

n 

■j 

WM 

■ 

m 

60.0 

■ 


Ml 


Lowest 

8 

142 


32.9 






57.8 



llEfI 


Average 

9.5 

148.3 

■ 

33.4 

1 

■ 


H 

■ 

58.8 

■ 

n 

1.63 



The average plasma vol./kgm. rose slightly due to the loss of weight. 
The figures in the tables are average values. 

In comparing individuals with one another, the volumes per square 
meter of surface area proved to be more constant than the volumes per 
height or weight. This agrees with Rovmtree and Brown (8). Though 
there were considerable variations in the plasma vol./m-. Awthin a group, 
the average variation of individuals from the mean of their group being 
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4.6 per cent, there was a remarkable constancy in the means for the groups. 
Thus the laboratory ^^Tiites, Avho increased 4.7 per cent, or from 1.82 
liters plasma vol./m^. m Boston to 1.90 liters in Mississippi, were in Mis- 
sissippi mthin 1 per cent of the values for the native Negroes and the 
native l^Tiites, which were both 1,89 liters. This extremely close cor- 
respondence is no doubt fortuitous, but it indicates the improbability 

TABLE 2 


Blood volumes in Boston, Massachusetts, and in Benoit, Mississippi 



Highest .! 

1.99 ! 

1.97 

47.0 

1 47.2 1 

+2.8 

0,540 

7,055 

+005 

91.9 

97.3 

+13.1 

3.50 

1 3.50 1 

1 +0.40 

Lowest ] 

1.70 

iSZl 

39.8 

iiSl 



HjiHU 


75.2 

l.iM 

-2.4 


mWMM 



1.E96 


44.0 

1 44.05; 

IBIiih 

0,1251 

1 0,400 

II 

82.8 

1 87.9 

+5.1 

3.24 1 

\ 3.40 

ESI 3 

Average ^ 


1.870j 

% change j 

1+0.1 

% change 

+4.5] 

1 % change 

+0.2 

% change 

+4.9 


B, Seven White aharecroppere in Mississippi 


Highest 

Lowest 

Average 

■ 

^^9 

■ 

47.9 

41.6 

45.2 

■ 

■ 

7,290 

5,560 

6,237 

■ 

■ 

i 

■ 

■ 

3.75 

3.19 

3.46 


C. Twenty-one Colored sharecroppers in Mississippi 

Highest 

Lowest 

Average 

1 


1 

40.5 

39.7 

43.0 

1 

1 


1 

1 

V M 
EE 

1 

1 

3.89 

2.89 
3.31 


D. Two Colored servants in Mississippi 

Highest 

Lowest 

Average 

1 

2.09 

1.92 

2.00 

1 

44.4 

41.9 

43.2 



B 



1^ 



3.83 

3.56 

3.70 


E. Four Colored boys from sharecroppers’ families in Mississippi 

Highest 

Lowest 

Average 


1.23 

1.16 

1.20 


38.4 
35.8 

37.4 



3,260 

3,034 

3,115 



97.4 

90.8 

93.7 



2.65 

2.54 

2.60 



that under the conditions of our experiments there were any changes in 
blood volume comparable to those foimd by Barcroft or Bazett. Our 
average values are higher than Gibson’s (9) general averages, but agi’ee 
with his figures for athletic individuals. 

The discrepancy beWeen the small change we observed and the large 
ones previously reported is hard to explain. Barcroft measured the cell 
volume by the CO method. Bazett in most cases measured the plasma 
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volume b}*- the vital red method, which is essentially the same as ours 
except for the kind of dye used. He also used CO in a few experiments 
and T1824 in others. Both calculated the blood volume from the hemato- 
crit readings. The fonner of these methods gives lower results than the 
latter (fewer cells in the capillarj’- blood? very rapid removal of a small 
part of the dye?), but the change ■v\dth climate should be the same ivith 
either method, and so it is in Barcroft’s and Bazett’s work. It is possible 
that there is a sudden increase followed by an equall}’’ sudden decrease. 
Bazett (4) has obseiwed some indication of this, but we found no consistent 
difference between our values obtained within a few days of arrival and 
those a month later. It is true, however, that, though some of our meas- 
urements w'ere made within three days of arrival in Mississippi, the sub- 
jects had been exposed to a few days of hot w’eather on the w'ay down and 
conceivabl}'’ might have had an increase in blood volume w’hich had passed 
off. It is more likely that individual variation plus a different sort of 
acthnty maj'^ have cause‘d the difference. In our experiments the subjects 
were for the most part doing mediiun to hard physical w'ork and losing 
w'eight. From the accounts of the other experiments, the subjects may 
have been taking life easilj’’ and gaining weight. There is another pos- 
sibility, namely, that the difference in results depends upon the dye used. 
Unlikely as this seems it is suggested by the fact that in the two experi- 
ments in w'hich Bazett et al. used T-1824 the increases were relatively 
small (8 per cent and 11 per cent), and lie within the range of our ob- 
servations. 

The changes in available fluid w'ere a little larger but no more consistent. 
Seven individuals went dowm and three up, but the rises were less than the 
falls and the average decreased 1.17 liters, or 6.9 per cent, from the Boston 
level of 16.87 liters. The interstitial fluid show's an even greater drop, 
1.38 hters, or 12.0 per cent, from the Boston average of 11.55 liters, but 
again eight decreased while tw'o increased. It might be pointed out that 
one of the pair whose interstitial fluid moved in the opposite dkection 
from the other eight w^as the same individual w'hose plasma volume de- 
creased instead of increasing, and that the other member of the pair w'as 
a frequent visitor to Mississippi and accustomed to its climate. There 
is a close correlation beriveen the weight lost by an individual and the loss 
of interstitial fluid. If the subjects are arranged from 1 to 10 in order of 
their weight loss, the order of their loss of interstitial fluid per square meter 
of body surface nms as follows: 1, 2, 3, 4, 6, 7, 5, 10, 9, 8. Eight is the 
consistently atypical indmdual. The “rank-order” correlation is +0.89. 
The loss of weight exceeded the loss of interstitial fluid by 0.6 kgm. on 
the average, but the individual variation was great. There was a moder- 
ate degree of positive correlation between the available fluid per square 
meter in the different groups and the amoimt of sweating during a standard 
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piece of ivork, but no correlation between the efficiency and the available 
fluid. The interstitial fluid appeared to be less closely correlated with the 
sweating than the “available fluid,” which includes the blood, but the 
number of subjects was not sufficient to be sure of this. 

There was a striking difference between the white and colored groups 
in the amount of interstitial fluid per square meter of body surface. The 

TABLE 3 


Available fluid and interstitial fluid in Boston, Massachusetts, and in 

Benoit, Mississippi 



AVAILABliE FliUID, 
LITEIIS 

AVAILABLE JXT7ID, 

LITEBS PER M-. OF 

BODY BtmFACE 

INTERSTTITAL 
TLVTDt LITERS 

INTER STITIAL 

FLxnry, liters per 
M^. or BODY 
simrACB 

RATIO OF INTER- 
STITUL ThVlD TO 
BLOOD VOLUME 

Boston 

Misisisaippi 

. 

B 

Boston 

*s. 

ft 

*cn 

Si 

1 

A 

Boston 

Mississippi 

fl 

Boston 

Mississippi 

■ 

Boston 

§ 

§ 

S 

S 

A 

A. Ten White laboratory workers 

Highest. . 

20. SO 17.50 

+2.16 

10.05 

9.31 

+1.19 

16.11 

12.20 

+2.30 

7.75 

0.49 

+1.30 

2.31 

1.93 

+0.43 

Lowest... 

■MWiUMKH 


7.35 

7.18 

-2.12 

7.70 

8.05 

-4.45 

4.63 

4.32 

-2.24 

1.38 

1.31 


Average. . 

10.S7ll5.70 

-1.17 

8.S9 

8.34 


11.55 

rtiiM 

-1.38 

o.os 

MM 


1.89 

1.69 



% change 

-0.9 

% change 

-0.2 


-12.0 

% change 

-11.2 

% change 

-15.0 


B. Seven White sharecroppers in Mississippi 


Highest. . 
Lowest. . . 
Average. , 





9.95 

G.85 

8.19 

1 

1 

1 

■ 

1 

G.72 

3.69 

5.20 

■ 

1 

1 

1 

C. TwcntyKino Colored sharecroppers in Mississippi 

Highest . . 

n 

22.80 


■ 


■1 

n 

17.97 

■ 

■ 


m 

■ 


■ 

Lowest. . . 


15.30 






9.10 








Average. . 

1 

1G.84 


■ 

9.61 

fli 

1 

11.74 

■ 

H 



■ 

2.06 

■ 

D. One Colored servant in Mississippi 



18.60 

■ 

■ 

B 

■ 

■ 

12.86 



6.69 



1.89 


E. Four Colored boys from sharecroppers' families in Jfississippi 

Highest. . 


9.20 



7.92 



6.48 






2.06 


Lowest. . . 


8.80 



7.16 



5.30 






1.81 


Average. . 


9.00 



7.62 



6.01 



6.03 



2.01 



"V^Tiites, both the laboratory workers while in Mississippi and the native 
white workmen, were about the same, but only one of them had as high a 
value as the average for the Negroes, and only one Negro was lower than 
the average for the Whites. Since the Negroes were more efficient than 
either group of Whites in doing the standard work, we thought that there 
might be a correlation between the efficiency and the amount of fluid, but, 
as mentioned above, there was none. 

































746 W. H. rollBES, ». 33, D13.t, AND P. G. HALL 

SiDCe the blood volume 3vent up upon going to Mi-ssissippi and the 
interstitial fluid went down, it was evident that the greatest change would 
be found in the ratio of the interstitial fluid to the blood, i.e., the ratio of 
the fluid outside the blood vessels to that inside them. This is given in 
the right-hand columns in table 3. The average decrease in tliis ratio was 
nearly 16 per cent, though again two individuals went up while eight went 
down. 

There is a pronounced difference between the '\\Tiites and the Negroes, 
though the northern Whites while in the North are not far below the value 
for the Negroes, The colored boys showed the same ratio as the colored 
adults, though on account of their relatively larger surface area their 
interstitial fluid values per square meter were out of line vnth the values 
on the colored adults and even below the white adults, 

SUMMAET 

A group of ten white laboratory’’ workers on moving to a hot, damp 
climate for the summer showed on the average a small increase in the 
volumes of both blood and plasma, both absolute and relative to body 
weight and to surface area. The average change was -1-5 per cent but the 
range -^as from —6 per cent to -}-12 per cent. 

The interstitial fluid, defined as the fluid outside the cells and outside 
the blood vessels, decreased in the heat 11 per cent on the average but the 
range was from —34 per cent to -1-26 per cent. 

There was no difference between the colored sharecroppers, the white 
sharecroppers, and the laboratory workers while in Mississippi in respect 
to plasma volume per imit of surface area but the interstitial fluid volume 
was 25 per cent higher in the Negroes than it was in the white sharecroppers 
or the white laboratory workers. 
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Previous work has shown that potassium enters and leaves the cells 
of voluntarj’- muscle under vaiying circumstances. In this laboratory 
it has been shoivn that muscle potassium is increased in the terminal 
stages of adrenal insufficiency and following total nephrectomy (1). 
Heppel has found that feeding a diet low in potassium to young growing 
rats resulted in marked losses of muscle potassium (2). We have in- 
dependentty confirmed Heppel’s observations in our study of adult rats. 
Prolonged tetanic stimulation of skeletal muscle has been shown bj’- Fenn 
(3) to produce a loss of potassium from the muscle and Baetjer (4) has 
found that depriving muscle of oxygen will also decrease muscle potassium. 

The present work was undertaken to determine what electrolj’-te changes 
occur in serum and muscle when potassium enters or leaves muscle cells 
of intact normal animals. We were also interested in determining whether 
the capacity of skeletal muscle to take up potassium altered the toxic 
effects of this cation. 

Experimental procedures. Adult male rats were used in all ex- 
periments and were fed on Purina Dog Chow (called stock diet) except 
when diets with altered content of sodium and potassium were sought. 
The special diets had the following proportions of basic ingredients : com- 
mercial lactalbumin, 18 grams; sucrose, 25 grams; commercial dextrin, 
32 grams; vegetable fat (Crisco), 22 grams; cod liver oil, 1 gram; yeast 
powder, 2 grams; and bone ash, 2 grams. By adding sodium chloride 
or potassium chloride, the “high K,” “low K,” and “low Na” diets were 
made. The various diets were analj’-zed for Na and K and their com- 
position is given in table 1. 

The rats continued to hold or to gain weight on each diet except that 
some of the heavier ones on the “low K” diet lost some weight when first 
put on the diet. The initial loss was either regained or further loss stopped 
after a few days. A few of the rats which were left on the “low K” diet 

^ Aided by a grant from the Fluid Research Fund, Yale University School of 
Medicine. 
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for two to three months finally became sick and lost weight. None of 
these animals died spontaneously although some were maintained as long 
as 115 days before being killed. Food and water were offered to all rats 
up to the time of sacrifice, except that when potassium chloride was in- 
jected, food and water were withdrawn from the cages during the period 
of injection. 

As will be brought out in the presentation of data, a number of rats 
received intrap eritoneal injections of potassium chloride in a solution 
containing 200 mM. of KCl per liter. Except in group IX, which re- 
ceived a single fairly large injection, the solution was given in several 
small injections at inten’’als of one to two hours starting at 9 a.m. and 
continuing until 5 p.m. or until the animals Avere killed. "lAHien injections 
Avere carried out for more than one day, the rats received none OA’^emight, 
an interval of about 17 hours. 

In group IV a solution containing NaCl 1.2 per cent and sodium bi- 
carbonate 0.4 per cent AA^as injected intraperitonealljL This solution 


TABLE 1 

Composition of diets by analysis 



mM PER 100 onAMB 


K 

Na 

Stock 

16.6 

23.7 

High K 

26 

1.7 

Low K 

1.6 

17.7 

Low Na 

16.6 

1.7 



Avas likeAAUse given at intervals of one to tAvo hours during a period of 
fasting. 

All animals Avere anesthetized Avith ether before being killed by Avith- 
draAving as much blood as possible from the abdominal aorta. Tissue 
Avas removed and analyzed as described in a previous paper (5). In the 
tables serum Na and Cl are expressed per liter of ultrafiltrate of serum, 
using the dried AAuight for water and a Gibbs-Donnan factor of 0.96. 
Serum potassium is expressed per liter of serum. Tissue analyses are 
expressed per 100 grams of fat-free solids except potassium. In the case 
of this cation the tissue concentrations haAU been reduced to intracellular 
potassium by subtracting extracellular potassium. The latter Aulue AA'as 
assumed to be measured by the concentration in serum and the extra- 
cellular volume of Avater. Extracellular water was measured b 3 '- the 
ratio of tissue chloride to the concentration of chloride in the ultrafiltrate 
of serum. 

Experimental results. 7. Variations in muscle 'potasshim occurring 
with normal serum electrolyte. Table 2 shoAvs that the muscle potassium 
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of adult rats may vary from 44 to 50 mM. per 100 gi'ams of fat-free solids 
at times when the concentration of potassium in the serum is normal. 
Rats in groups I and V had muscle potassium values in the upper half 
of this range, i.c., from 47 to 50 mM. per 100 grams of fat-free solids and 
rats in groups II, III and IV had values in the lower half, i.e., from 44 
to 47 mM. Rats in group I were fed the stock diet of Purina Dog Chow 

TABLE 2 


^f'liscle poiassivm accompanying normal serum potassium concentrations 



i 

1 


8EBTJM 

MUSCLE 

D 

DIET 

O 

PI 

K ® 

si: 

Per liter serum 

ultrnfiltrate 


Per 100 grams fat-free solids 

O 



Na 

Cl 

K 

Na 

1 

Cl 

K* 

P 

Protein 

HiO 

I 

Stock 

13 I 

mM 

146. 9j 
±0.74l 

mM 

113.0 

±0.87 

mM 

4.0 

±0.21 

mM 1 
9.99 
±0.18 

tnM : 

7 . 2 ; 

± 0 . 15 ’ 

1 

mM 

48.8 

±0.18' 

1 


grams J 

92.3 

±0.56* 

1 

cc, 

340.5 

±1.90 

II 

“High K” 

f 

9 

mm 

118.3 

±1.37 

4.2 

±0.19 

H 

B 

B 

45.2 

±0.36 

1 

31.9 

±0.37 

mm 

337.4 

±2.66 

III 

Stock 

1 

iio 

1 j 

148.1 

±0.93 

B 

4.6 

i±0.33 

1 

9.3 

±0.25 

B 

46.9 

±0.33 

32.6 

±0.28 

97.2 

±0.64 

329.6 

±1.71 

IV 

Stock 

i 4 i 

141.2 

±2.29 

114.5 

±1.26 

1 4.8 

|±0.26 

■il 

B 


B 

32.6 

±0.34 


341.8 

±2.86 

V 

“Low Na” 

i 

5 

149.4 

!±1.72 

1 

i 4.8 
±0.04 

10.3 

±0.002 

7.6 

± 0.02 

48.3 

±0.51 


95.1 

±0.54 

343.0 

±2.21 


Group I. Control group. 

Group II. On diet 2i to 51 days. Half of group were also given NaCl in water 
with the same result. 

Group III. Injected with 3 to 4.6 meq. KCI per 100 grams of rat in 72 hours. 
Survived 18 hours after last injection. 

Group IV. Injected with 4.8 to 12.1 meq. Na per 100 grams of rat in 1.2% NaCI 
and 0.4% NaHCOa solution over a period of 72 to 96 hours. Survived 18 hours after 
last injection. 

Group V. On diet 16 days. 

Corrected for extracellular K. 

All concentrations represent mean result plus or minus the standard error. 


and the muscle potassium of these rats may be considered as representing 
the usual values for normal healthy adult rats. Rats in group V were 
fed a diet similar in its potassium content to the stock diet but low in 
sodium. Since the muscle potassium of rats in gi’oup V was similar to 
that of rats in group I, the decrease m muscle pota.ssium of rats in group 
II, some of which were also fed a diet low in sodium, is not dependent on 
their low sodium intake. The fact that half of the rats in group II were 
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given added sodium chloride in ilieir drinking water without producing 
significant differences in their muscle potassium from the other half of 
the group is further indication that the decrease of the muscle potassium 
of rats in group II to the low normal range was in some Avay associated 
with the high potassium intake in the diet. Further support for the con- 
cept that muscle potassium may actually be lowered by a high potassium 


TABLE 3 

Mvscle potassivm accompanying increased scrum potassium concentrations 





BEKUM 

MUBCLE 

cnoiTP 

DIET 

NtlM- 
UEH OF 
HATS 



Per 100 grams lat-frec solids 




; Na 

Cl 

H 

Na 

Cl 

K* 

P 

Protein 

H.-0 

I 

Stock 

13 

m.U 

146.9 

±0.74 

n 

m.U 

4.0 

±0.21 

rtM 

9.99 

±0.18 

mM 

7.2 

±0.15 

mM 

48.8 

±0.18 

mM 

33.4 

±0.35 

grams 

92.3 

±0.56 

cc. 

340.5 

±1.90 

VI 

Stock 

■ 

143.4 

±0.54 

121.4 

±0.75 

■ 

8.2 

±0.26 

7.3 

±0.14 

51.7 

±0.52 

34.5 

±0.29 

mm 

353.0 

±1.54 

VII 

Stock 

5 

1 

1 

1 


w 

H 


m 

49.5 

±0.36 

33.2 

±0.18 

94.8 

±1.28 

346.3 

±2.82 

VIII 

Stock 

4 

143.2 

±0.81 

128.0 

±1.41 

1 

14.7 

±0.37 


9.7 

±0.43 

1^^ 


92.9 

±1.43 

359.2 

±1.08 

IX 

Stock 

8 

1 

115.3 

±2.47 

1 

1 

7.4 

±0.30 

49.2 

±0.24 

31.9 

±0.21 


356.6 

±7.08 


Group I. Control group. 

Group VI. Injected 1.1 to 1.4 meq. KCl per 100 grams of rat 6 to 7 hours and sacri- 
ficed 15 to 30 minutes after last injection. 

Group VII. Injected 1.1 to 1.3 meq. KCl per 100 grams of rat 6 to 7 hours and 
sacrificed 60 to 90 minutes after last injection. 

Group VIII. Injected 1.5 to 3.0 meq. KCl per 100 grams of rat 8 to 29 hours and 
sacrificed 15 to 40 minutes after last injection. 

Group IX. Injected 0.5 to 2.0 meq. KCl per 100 grams of rat in one injection and 
sacrificed within 30 to 60 minutes. 

* Corrected for e.xtracellular K. 

All concentrations represent mean result plus or minus the standard error. 

intake is found in the results observed in rats in group III. These animals 
were repeatedly injected intraperitoneally with small amounts of po- 
tassium chloride over a period of three or four days and sacrificed eighteen 
hours after the last injection. From data that will be presented in table 3 
it is certain that the injected rats had high serum and muscle potassiums 
during the period of injections, but that during the interval between the 
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last injection and the time of sacrifice the muscle potassium not onty 
returned to its origmal levels (47 to 50 mM. per 100 grams of fat-free solids) 
but actually decreased further to low normal values (44 to 47 mM,). It 
is important to note that at least at the time of sacrifice the concentration 
of potassium in -the serum of rats in group III was ndthin normal limits. 
We emphasize this point because it will subsequently be shovm (table 4) 
that decreases in muscle potassium below 44 mM. per 100 gi-ams of fat-free 
solids were invariably associated with significant decreases in the concen- 
trations of serum potassium. The decrease in muscle potassium to low 

TABLE 4 


Serum and muscle electrolyte of rats with muscle potassium below normal. Results 
of injecting KCl into rats with abnormally low muscle potasshnji 




1 

SERUM 

MUSCLE 

p 

DIET 

0 

e; 

K eo 

sS 

Per liter serum 
j ultrafiltrate | 


Per 100 grams of fat-free solids 

c; 

c 


c> « 
z 

Na 

Cl 

K 

Na 

Cl 

K» 

P 

jProtein 

HjO 




i 

mM 

mM 

mM 

mM j 

mM 

mM 

grams 

ce. 

I 

Stock (Pur- 

13 

j 146.9 

113 

4.0 

9.99 

7.2 

48.8 

33.4 

92.3 

340.5 


ina Dog 
Chow) 


±0.74 

i 

±0.87 

±0.21 

±0.18 


±0.18 

■ 

■ 

±1.90 

1 

1 

X 

"Low K" 

6 

1 

147.5: 

106 

2.5 

15.1 

6.6 

37.6 

31.6 

96.6 



(Control) 


,± 1 . 07 ! 

1 

±1.52 


±1.50 

±1.80 

±1.88 

±0.49 

±1.97 


XI 

"Low K” 

6 

145.2 

119.8 

8.3 

11.3 

7.5 

46.9 

32.6 

95.5 

338.3 


(Injected 

I KCl) 


±1 .07 

±3.00 

±1.79 

±0.67 

±0.44 

±0.35 

±0.35 

±0.62 

±2.20 

1 


"Low K” X averaged 57 days on diet. 

“Low K” XI averaged 47 days on diet. Injected 2.6 to 3.7 meq. KCl per 100 
grams of rat over a period of 26 to 48 hours. Survived 1 to 17 hours after the last 
injection. 

* Corrected for extracellular K. 

All concentrations' represent mean result plus or minus the standard error. 


normal levels (44 to 47 mM.) can be produced by other methods than 
increasing the intake of potassium. Similar decreases in muscle potassium 
were obsen'^ed in rats in group IV that were repeatedly injected intra- 
peritoneally with relatively large amounts of a mixture of NaCl and Na 
HCO3 over a period of three to four days. 

The fact that the concentrations of serum potassium in table 2 do not 
show significant differences does not preclude the possibility that as the 
muscle potassium varies between 44 and 50 mM. per 100 grams of fat-free 
solids there may be changes in' the concentration of serum potassium. 
Subsequent tables show that fluctuations in muscle sodium and potassium 
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may be quite rapid following significant alterations in the concentration 
of serum potassium. The data in table 2 merely indicate that at the time 
of sacrifice the concentrations of potassium in the serum were normal. 
In addition to finding normal concentrations of potassium in the serum 
in table 2 we observed that the concentrations of sodium and chloride 
in the scrum likewise were within normal limits except for a somewhat 
high chloride in the serum of rats in group II and a low sodium in rats 
in group IV. It was also observed that the muscle sodium and chloride 
of rats in all groups in table 2 did not differ significant!}', giving further 
support to the concept that the range of muscle potassium between 44 
and 50 mM. per 100 grams of fat-free solids may be looked upon as a 
range of normal physiological adjustment of muscle electrolyte. 

Balance experiments were conducted in a few rats in groups III and IV 
and indicated that the low muscle potassium of these rats could be e.x- 
plained by potassium diuresis. 

JI. Variations in muscle 'potassium accompanying increased concentration 
of serum potassium. The analyses in table 3 show that while potassium 
probably readily enters muscle cells, it is difficult to produce sustained 
high values. In group IT the rats were given small doses of KCl intra- 
peritoneally each hour for 6 to 7 hours and then killed 15 to 30 minutes 
after the last injection. All of these animals showed high muscle potas- 
sium and slightl}' low muscle sodium while serum potassium was moder- 
ately high. However, if the animals were treated in the same waj' but 
killed after 60 to 90 minutes, as in group WI, muscle potassium returned 
to the normal level and semm potassium was only slightly elevated. 
None of the animals in groups "^T and VII showed sjTnptoms of potassium 
poisoning. 

If larger doses of potassium are given, symptoms of potassium poisoning 
develop. These symptoms appear wdthin 10 to 20 minutes and if death 
does not occur in about 50 minutes after an injection recovery gradually 
ensues. Group VIII represents animals obviously about to die spon- 
taneously as the result of repeated large doses of potassium chloride. 
While the muscle potassium is higher than in group VI, the striking differ- 
ence is in the high serum potassium. However, single large doses of po- 
tassimn chloride in group IX did not raise muscle potassium to abnormal 
levels although serum values are at levels known to produce electrocardio- 
graphic changes and almost as high as in group VIII. 

Attention is directed to the low values for muscle sodium in all rats 
injected with potassium chloride. 

III. Variations in muscle potassium produced by diets low in potassium. 
In contrast to the difficulty in sustaining muscle potassium above the 
nonnal level is the readiness with which muscle rendered deficient in 
potassium retains potassium injected intraperitoneally. In table 4, 
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group X shows the muscle values in rats fed the diet low in potassium. In 
each of the rats of this group both the serum and muscle potassiums are 
abnoimally low, while the muscle sodium is obviously high. Since muscle 
chloride is not high, the increase in muscle sodium must be intracellular 
rather than extracellular. The changes in muscle sodium and potassium 
become more marked the longer the rats are kept on the diet deficient 
in potassium. The lowest value for muscle potassium (29 mM.) was 
obtained on a rat kept on the diet for 115 days. 

Before injection with potassium chloride group XI was treated like 
group X and undoubtedly had muscle potassiums of the same order of 
magnitude. The higher muscle potassium in group XI than in group X 
was brought about by the injection of potassium chloride and the po- 
tassium which went into the muscle cells remained in the muscle at least 
17 hours. This is contraiy to the experience in groups VI, ^TI and III, 
when potassium rendered abnormally Mgh returns to high normal levels 
udthin 60 to 90 minutes after the last injection and to low normal levels, 
i.e., 45 mM. per 100 grams of fat-free solids, if 18 hours elapses after the 
last injection. ' 

By balance experiments it was found that injecting potassium chloride 
leads to a retention of potassium in rats previously fed a diet low in po- 
tassium while a negative balance was foimd by a similar injection in rats 
fed a normal diet. 

It will be noted that muscle sodium retm-ned toward normal when 
muscle potassium was raised in group XI. 

IV. Inierchangahility of muscle sodium and potassium. As was sho^vn 
by Heppel (2) and pointed out by us in the pre\aous paragraphs, there 
is evidence of a reciprocal relationship between muscle sodium and po- 
tassium, Since from quantitative considerations extracellular potassium 
cannot be involved in this interrelationship, the values involved must 
be intracellular sodium and potassium. Since sodium is both intracellular 
and extracellular, a first approximation of the value for intracellular sodium 
was calculated as follows: 


(CDi 

[Oil 


imo) 


C 


{Na), - [Na]e X (H 2 O). = {Na)i 


in which {Cl)t represents total tissue chloride; [Cl]s is the concentration 
of chloride in an ultrafiltrate of serum; (Na)t is sodium of tissue: [iVa], 
is the concentration of sodium in an ultrafiltrate of serum; {Na)i is intra- 
cellular sodium and {HzO)e is extracellular water. It must be borne in 
mind that, since some muscle chloride is not diffusible (6), the extracellular 

is somewhat too large. Hence intra- 


water calculated by the ratio 


[Cl]. 
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cellular sodium, (Na)i , is too small. The error is probably fairly constant 
although its exact magnitude is not known. This error accounts for the 
appearance of a negative value for intracellular sodium in some instances. 

Figure 1 shows the relationship between this calculated intracellular 
sodium and muscle potassium. It will be .seen that there is a good inverse 
relationship. Apparently for each 2 mM. of potassium that leaves the 
cells, about 1 mM. of sodium enters the cells. The negative values 
indicate that the calculated value for intracellular sodium is about 2 mM. 



Fig. 1 

too small. This assumption fits in with the evidence that about 1 mM. 
of chloride is associated with connective tissue (7) and is not diffusible (6). 

V. The relation of muscle potassium to the toxic effect of injected potassium . 
In all groups of rats injected Avith KCl toxic effects Avere obtained in cer- 
tain instances. With large doses of KCl the rats began to breathe rapidly 
AAdthin ten to fifteen minutes; this dj’^spnea rapidly increased and the 
animals became disinclined to move A\'hen disturbed; terminally thej’’ 
became cyanotic and pale. Death occurred in 5 to 40 minutes after the 
onset of sjunptoms. Apparently if the dose of KCl did not kill Avithin 40 
minutes, recovery gradually occurred. At death the typical dilated heart 
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of potassium poisoning was obsen’^ed. From obseiwation it was possible 
to predict the outcome and grade the degree of toxic effect. Table 5 
was arranged to demonstrate the relation between the toxic effect of the 
injected KCl and the potassium level in the muscle and serum. 

In general the severity of the toxic S3Tnptoms seems to be directs 
associated with the level of serum potassium. When the sermn potassium 
was less than 10 mM. per liter, no sjTnptoms or only a moderate degree 
of toxicity were noted at the time of sacrifice. In all instances in which 


TABLE 5 


Relation of toxic effect of injected KCl to muscle poiassijwi 


DIET 1 

1 

NVUSBJt 
OF EX- 
PERIMENT 1 

K ab- 
sorbed* 1 

FROM 
PERITO- ! 
NEOM 

PERIOD OF 
SURVjVAh 

CLINICAL CONDITJONa 

i 

! 

“LowK” ' 

! 

6 

meg.llOO 
grams of 1 
rat I 

0,75 

minutes 

40 (killed) 

Not sick 

“LowK” 

9 ' 

0.77 ! 

55 (killed) 

Not sick 

Stock 

7 i 

0.39 i 

45 (killed) 

Moderately sick 

Stock 

8 

0.50 j 

55 (killed) 

Moderately sick 

Stock 

14 

0.52 

40 (killed) 

Very sick; dysp- 

Stock 

11 

O.GG 

40 (killed) 

1 neic, breath- 
I ing fast, 
apathetic 

Very sick; dysp- 

Stock 

12 

0.89 

35 (died) 

neic, breath- 
ing fast, 
apathetic 
Convulsions 

Stock 

13 

1.28 

17 (died) 

! Convulsions 

“LowK” 

10 

1.17 

48 (died) 

Convulsions 

“LowK” 

15 

1.39 

55 (died) 

Convulsions 


SERUM 1 
rOTABSIUMj 

MUSCLE 

POTASSIUM 

meg./liler 
of serum 

wq.llQO 

gramz 

fal-frtc 

^olidi 

5.9 

43.7 

7.9 

42.0 

8.7 

49.0 

8.7 

50,1 

13. G 

49.6 

i 

14.2 

1 

1 

49.6 

1 

19.9 

49.8 

21.8 

49.1 

21.3 

44.3 

20.5 

37.1 


* K absorbed equals the amount of K remaining in peritoneal fluid as actually 
determined at times of sacrifice subtracted from the measured amount of K injected 
intraperitoneallj’^. 


serum potassium was as high as 20 mM. per liter, spontaneous death 
occurred or was about to occur. As shown bj' experiments 6 and 9, rals 
on a “low K” diet were strikinglj’^ less susceptible to the toxic effect of 
KCl than rats on the stock diet (expts. 7 and 8) despite the fact that a 
larger dose of KCl was absorbed from the peritoneal cavitjL It is note- 
worthj' that, despite the absorption of more KCl, the muscle and serum 
potassium are lower in experiments 6 and 9 than in experiments 7 and 8. 
In the case of experiments 14 and 11, the increased toxicity on smaller 
doses of KCl is marked. Although the rats on “low K” diet are more 
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resistant, it is possible to produce fatal effects as is shown in experiments 
10 and 15. The difference in reaction in this case is brought out bj^ the 
longer period of survival. It vnll be noticed that low muscle potassium 
did not protect the rats from the effects of the rapidly rising serum K 
which had reached 20 mM. at the time of death. 

Discussion. The data have been presented chiefly from the point of 
view of the factors which bring about variations in muscle potassium and 
the effects of these variations on susceptibility to the toxic manifestations 
follo^ving injection of potassium chloride. The other tissue analyses are 
included to demonstrate that the variations in muscle potassium are not 
necessarily accompanied by changes in the other factors excepting intra- 
cellular sodium. There are significant variations in protein per 100 grams 
of fat-free solids. Presumabl}'’ increase in protein indicates decrease in 
some other fat-free solids rather than increase in protein. Changes in 
glycogen could account for the alterations in protein per 100 grams of 
fat-free soUds shown in the tables. Since the changes in potassium are 
not accompanied by constant changes in protein, variations in muscle 
potassium are not accounted for by variations in non-protein fat-free 
solids (glycogen?). Since phosphorus is fairly constant, variations in 
muscle potassium and intracellular sodium do not apparentlj’’ alter the 
cellular content of phosphorus compounds. 

The variations in tissue water are in part accounted for by variations 
in the concentration of extracellular sodium and in part by variations 
in sodium and potassium of the muscle. Nevertheless the relationships 
between various factors of the tissue which might express osmotic pressure 
and the concentration of sodium plus potassium in the ultrafiltrate of 
plasma are quite variable. This result is explained in part bj’’ the fact 
that many of the anatyses represent conditions in serum and muscle at 
a time when rapid adjustments are being made. For instance, evidences 
of shift of both water and sodium out of the cell are obtained within fifteen 
minutes after the injection of potassium chloride into the peritoneal 
cavity. Also within sixty to ninety minutes after muscle potassium has 
been elevated to abnormally high values, the concentration in muscle is 
restored to normal (see groups VI and ‘\TI). Hence while muscle water 
undoubtedly tends to increase when sodium and potassium are retained 
in muscle (6), the present data do not give a satisfactory expression of 
these relationships. 

Additional observations support the idea that muscle potassium ranging 
from 44 to 47 mM. per 100 grams of fat-free solids must be regarded as 
normal although the usual values vary from 47 to 50 ihM. For example, 
occasionally rats on a normal diet and otherwise not subjected to any 
unusual strain show values for muscle potassium at the lower level. The 
same observation has been made on cats (6). Furthermore, it is rather 
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easy to produce in a short time the lower concentration of muscle potas- 
sium, ^Hien values below 44 mM. actually have been produced, abnor- 
mally low concentrations of potassium in serum have almost invariably 
been encountered. Similarly concentrations of muscle potassium above 
50 mM. always are accompanied by high concentrations of potassium in 
serum. Nevertheless there is no obligate relationship between the con- 
centration of potassium in serum and the concentration of potassium 
in muscle. 

The inverse relationship between intracellular sodium and potassium 
that has been shown to exist in the present study applies equally well to 
animals in adrenal insufficiency and in nephrectomized rats (1). The 
exchange of potassium for sodium in the muscle cell in these animals 
does not cover so wide a range as we found in the present study since the 
variation in muscle potassium was not so extreme. The replacement 
of potassium by sodium in the muscle cells has also been demonstrated 
in this laboratory to occur in rats injected with desoxycorticosterone 
(8). So far we have not been able to ascertain any conditions where 
this inverse relationship does not exist providiag the exchange is large 
enough to be detected by the methods used. 

Previous work has shown that evidences of potassium poisoning can 
be closely correlated with the level of serum potassium (9). In turn the 
concentration of serum potassium has been shown to affect cardiac rhythm, 
contraction and tone (9). The present experiments are entirely in accord 
with previous work emphasizing the importance of the concentration of 
serum potassium in determining the onset of potassium intoxication. 
However, the present data demonstrate, in addition, that low levels of 
muscle potassium delay the onset of toxic elevation of serum potassium and 
permit larger doses of potassium to be given without evidences of potassium 
poisoning. The data show why adrenalectomized animals that manifest 
defective renal excretion of potassium and tend to have high muscle po- 
tassium are peculiarly susceptible to the toxic effect of this cation. 

SUMMARY 

The usual range of muscle potassium in adult rats is 47 to 50 mM. 
per 100 grams of fat-free solids. Muscle potassium levels as low as 44 
mM. may occur even though the concentration of potassium and sodium 
in the serum and the amount of sodium in the muscle remain normal. 

Increases in muscle potassium above 50 mM. produced by injecting 
KCl are transitory in normal intact animals and return to high normal 
levels (49 mM.) within sixty to ninety minutes after the last injection 
and to low normal levels (45 mM.) eighteen hours after the last injection. 
Such transitory increases in muscle potassium are accompanied invariably 
by a shift of sodium out of the cell and have not been demonstrated except 
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/'in i,he presence of an increased conccniration of serum potassium. With 
‘ tlie fall in muscle potassium Avhich follows ihe transitory rise, the senim 
potassium concentration and muscle sodium return towards normal levels. 
Significant increases in muscle potassium occurred without evidence of 
potassium poisoning in animals in which the serum concentration of po- 
tassium was not elevated above 10 meq. per liter. 

Increases in muscle potassium in animals Avhosc muscle has previously 
been rendered deficient in pota.ssium (i.e., from 29 to 44 mM. per 100 
grams of fat-free solids) remain fixed at least for seventeen hours after 
the last injection of KCl. The tolerance of animals with low muscle 
potassium to the toxic effects of injected potassium is appreciably greater 
than the tolerance of animals with normal muscle potassium. It is sug- 
ge.sted that the slower rise in serum potassium concentrations in the former 
is due to the greater capacity of the skeletal muscle to take up potassium 
from extracellular fluid. The toxic effects of injected potassium are 
directly related to the elevation in concentration of serum potassium and 
only indirect^ to that of muscle potassium. 

Within the range of muscle potassium between 29 and 55 mhl. per 
100 grams of fat-free solids found in the.se experiments there is a reciprocal 
relationship between muscle potassium and the intracellular sodium of 
the muscle. It was found that about 1 mM. of sodium may be inter- 
changed for 2 mM. of potassium. 
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The two phases of blood-clotting, viz. 1, formation of thrombin fi’om 
prothrombin, and 2, thrombic conversion of fibrinogen into fibrin, may be 
studied quantitatively in vitro (1). A rational approach to the experi- 
mental analysis of the mode of action of any anticoagulant is to observe 
its behavior in the respective phases of such artificially isolated sj^stems. 
This type of approach led Howell (2) to separate clot-inhibitors into a, 
aniiprothrombic, if they act on the first phase, and b, antithrombic, if the 
action involves the second phase. We shall adhere to these general teims 
and, again following Howell, shall designate as thrombdplastic any agent 
which assists the first phase reaction. The term fibrinoplastic will be 
used for any assistance in the second phase. 

Since serum albumin and salmine (a basic protamine, which combines 
■with heparin (3), after the manner of heparin-protein compounds (4)) have 
been reported to be anticoagulants, each sho-wing some interesting rela- 
tionships to the action of heparin, the following investigation was under- 
taken in an attempt to analyse the fundamental mechanisms involved. 

Experimental technique. Methods for preparing the various clotting agents 
(prothrombin, cephalin, CaCL, thrombin, fibrinogen) have previously been detailed 
(1), together with the technique for the clotting-tests and for the study of the first 
phase (prothrombin activation). The crude thromboplastin used for most of the 
present experiments consisted of an aqueous extract (diluted) of fresh or frozen 
dog brain or of the acetone-precipitated, air-dried residue of similar extracts. Crude 
plasma "albumin” consists merely in the dialysed plasma residue after removal of 
fibrinogen and globulins by half-saturation with (NH 4 ) 2 S 04 . 

We are indebted to 1, Dr. C. H. Best and the Connaught Laboratories (Toronto) 
for a purified lung-heparin, assaying 110 "units” per mgm.; 2, Dr. T. L. McMeekin 
(Harvard) for the crystalline serum albumin', 3, Messrs. E. R. Squibb and Sons 
(Brunswick, N. J.) for the salmine {-sulfate), and 4, Dr. J. H. Northrop (Rocke- 
feller Institute) for the crystalline trypsin.^ 

pH was controlled (unless otherwise stated) with the glass electrode (Beckman 
pH meter), routinely to pH = 7.25. The heparin (1:1000 soln.) had an initial pH 

^ Crystalline trypsin is now available commercially (Plant Research Labora- 
tories, Lehn & Fink Products Corp., Bloomfield, N. J.). 
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of 4.1, well buffered; the salmine sulfate (1:200 soln.) was very poorly buffered at 
pH = 6.1; a 1:10 dilution of McMeekin's crystalline serum albumin (before dialysis) 
gave a pH of 6.85, also poorly buffered. 

Volumetric pipettes were used for accurate measurement of the quantities of the 
various reagents and all clotting-tests (2nd phase) refer to time of appearance of 
first visible strands of fibrin in mixtures held in small tubes in a therm(;>stat water- 
bath at 38°C. 

Plasma experiments. Since the action of the cited anticoagulants on 
whole blood and plasma has been studied repeatedl}-^ by a number of 
investigators, the data of table 1 serve principally to show modifications 
of the inhibitory phenomena in the presence of various thromboplastic 
agents (cephalin: crj’’stalline trj’'psm). The ability of trypsin (thrombo- 

TABLE 1 

Effects of lieparin and salmine on dolling of recalcificd cilralcd dog plasma, in presence 

of various thromhoplaslic agents 


Clotting-times (seconds), at 38°C., for 1 cc. plasma + 0.25 cc. N/10 CaClj -f 
0.75 cc. of thromboplastic and other agents (quantities expressed in milligrams). 


NUM- 

BER 

INHIBITOR 

(Ca, OJrt,T) 

CEPHAUN (0.5) 

XTAi. 

TBTTSIN 

(0.05) 

TRTPSIN 

(0.05) -f 

CEPHALIN 

(0.5) 

1 


140 sec. 

45 sec. 

110 sec. 

15 sec. 

2 

Heparin (0.1) 

510 sec. 

240 sec. 

270 sec. 

20 sec. 

3 

Heparin (0.5) 

03 

00 

03 

290 sec. 

4 

Salmine (0.025) 

4(W sec. 

100 sec. 

120 sec. 

15 sec. 

5 

Salmine (0.25) 

1040 sec. 

180 sec. 

240 sec. 

25 sec. 

6* 

Salmine (2.5) 

>1 hr. 

C 40 min. 



7 

Hep. (0.1) + Salm. (0.025) 

240 sec. 

60 sec. 

185 sec. 

16 sec. 

8 

Hep. (0.5) + Salm. (0.025) 

03 

310 sec. 



9 

Hep. (0.5) Salm. (0.25) 

270 sec. 

105 sec. 

CO 

22 sec. 

10* 

Hep. (0.5) + Salm. (2.6) 

>6<16 hrs. 

>2<6 hrs. 

i 

i 

j 


* Flocculated. 


plastic enzyme), especially in conjunction with added cephalin, to overcome 
most of the inhibitory effect of heparin (5) is again demonstrated. The 
same effect is showm also for salmine and, even more strikingly, for salmine 
plus heparin. pH was not controlled in these experiments, but plasma 
is well-buffered. 

The heparin-salmine antagonism (3) is confirmed. 

Serum albumin experiments. Tests vnth crude plasma “albumin." 1. 
First phase reactions were not studied with this material. 2. Second 
phase studies confirmed and extended the observations previouslj’’ re- 
ported (5). There was usually an insignificant retardation of the clotting 
of fibrinogen by thrombin, in the presence of the “albumin” preparation, 
even when pH was controlled (7.25). Sometimes, however, a slight 
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fibrinoplastic effect (clot-acceleration) occurred instead, especially with 
the more dilute preparations. Table 2, no. 2, is typical of several experi- 
ments designed to test Quick’s (6) assertion of a “progressive” antithrom- 
bic effect. On incubating a stnhle thrombin (no. 1) for an hour at room 
temperature (24°C.) Avith the ^‘albumin” preparation, there was seen 
only a minor and irregular effect on thrombic actmty (tested at the cited 
intervals), not at all like the marked “progressive” inactivation described 
by Quick. 

As before (5), however, the striking synergism with heparin (Quick) 
is again manifested (no. 4). 

Tests 'with crystalline serum albumin. 1. In the first “phase: During the 
formation of thrombin from prothrombin, added crystalhne serum al- 
bumin was consistently ihromboplastic throughout a number of experiments 
of the type illustrated in table 3. Furthermore, it always lessened the 

TABLE 2 

Effects of incuhation (with thrombin) on ike anlithrombic action of crude plasma 

“albumin” and heparin {1:5000) 


Thrombin (1 volume) -b anticoagulant (I volume, each, suitably diluted) : incu- 
bated, at 24°C., for times (minutes) indicated. Clotting-times (seconds), at 38°0., 
for 1 cc. fibrinogen -f- 0.5 cc. mixture. 


NUM- j 
BCH 


i MIKTTTE 

1 

5 MlNXrXES 

15 MINUTES 

30 MINUTES 

60 MINUTES 

1 

(Control) 

18 sec. 

18 sec. 

18 sec. 

18 sec. 

18 sec. 

2 

Albumin 

18 sec. 

10 sec. 

12 sec. 

16 sec. 

33 sec. 

3 

Heparin 

i 25 sec. 

25 sec. 

25 sec. 

25 sec. 

25 sec. 

4 

Alb. + Hep. 

39 min. 

>4 hr. 

>4 hr. 

>4 hr. 

1 >4 hr. 


antiprothrombic action of heparin, in parallel tests, whether a weak brain 
thromboplastin or cephahn was the main thromboplastic agent used. 

2. In the second phase: The “immediate” effect of adding crystalline 
albumin to fibrinogen-thrombin mixtures showed the same minor varia- 
bihty on clotting-time as in the case of the corresponding experiments 
mth crude “albumin.” Thus, there was a few seconds’ lengthening of 
the clotting-time in most instances, but an occasional slight acceleration 
occurred in some experiments. 

Varying the salt content by dialysis (as compared with simple dilution) 
or by the use of 0.85 per cent NaCl (us. distilled water) for several dilu- 
tions, gave no indication of any relationship of these effects to the salt 
content. Simple pH effects were ruled out by having the albumin, throm- 
bin, and fibrinogen all at the same pH (7.25). Controlled modification 
of pH, in both first and second phase reactions, vail be discussed in a 
separate section. 
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TABLE 3 

Effects of crystalline scrum albumin and heparin on the activation of prothrombin 

to thrombin 

Thrombic mixture (T) == 4.0 cc. prothrombin + 0.25 cc. N/10 CaCIj + 0.75 cc. 
thromboplastic agent (A, dilute brain extract; B, cephalin) plus anticoagulant, 
incubated, at 10°C., for time (minutes) indicated. Clotting-times (seconds) for 1 cc. 
fibrinogen -j- 0.5 cc. T, at 38°C. pH = 7.25. 


NI7M- 

BEB 


6 lUINDTES 



60 

MINUTES 

120 

MINUTES 



«ec. 

sec. 

8€C, 

eec. 

eec* 


A. Brain thromboplastin 






1 

(Control) 

40 

15 

12 

12 

12 

2 

Crystalline albumin 

18 

15 

15 

17 

18 

3 

Heparin 

262 

72 

29 

21 

19 

4 

Albumin heparin 

200 

33 

24 

21 

21 


B. Cephalin (weak) 






5 

(Control) 

145 

115 

85 

43 


6 

Crystalline albumin ! 

85 

45 

25 

15 


7 

Heparin 

2700 

2370 

1860 

960 


8 

Albumin + heparin 

1530 

1680 

1320 

760 



TABLE 4 

Effects of incubating thrombin with crystalline serum albumin (McMeekin’s, diluted 

1:20) and heparin (,1:1000) 

Clotting-times (seconds) at d8°G., and pH = 7.1, for 1 cc. fibrinogen -f 0.5 cc. 
anticoagulant plus thrombin mixtures. Mixtures, consisting of 1 volume thrombin 
solution -b 1 volume of anticoagulant (diluted, where necessary), held at 24°C. and 
pH = 7.1, for times (minutes) indicated. 


NUM- 

BEH 


i 

a 

6 MINUTES 

15 

MINUTES 

30 

MINUTES 

60 

MINUTES 



S€C, 

«cc. 

flCC, 

acc. 

eec. 


A. Stable thrombin: 






1 

(Control) 

18 

18 

18 

18 

18 

2 

Albumin* 






3 

Heparin (1:1000) 

24 

26 

26 

26 

26 

4 

Alb. + Hep. 

27 

42 

42 

42 

42 


B. Slightly unstable thrombin: 






5 

(Control) 

14 

14 

14 

16 

18 

6 

Albumin (1:20) 

21 

22 

25 

29 

36 

7 

Heparin (1 : 1000) 

48 

78 

115 

160 


8 

Alb. + Hep. 

73 

. 103 

138 

165 



* Tests with albumin alone are lacking in series A, but a test made at the same 
time, on another thrombin, showed the usual slight (few seconds) initial “anti- 
thrombic” effect, and in some other tests this showed no increase in 1 hr. 


Incubation of thrombin with cr3’^stalline serum albumin for an hour 
gave no evidence of any significant “progressive” effect. 
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lu sharp contrast to the cmde "albumin,” there was no sharp increase 
m antithrombic effect with heparin phis the pure albumin. In cases 
vmere the albumin was slightl}'- antithrombic, there was a minor additii^e 
effect superimposed on the similar heparin action. When the albumin 
was fibrinoplastic, the heparin effect was reduced. Besides being of small 
magnitude,^ the aforementioned antithrombic addition effect was mn- 
progressive in the case of stable thrombins (4, no. 4). 

Effect of stability of thrombins. Some thrombin preparations are much 
less stable than others, even when held at low temperatures (10°~15°C.). 
We have observed that a thi'ombin, which tends to undergo spontaneous 
inactivation, even if the rate of deterioration is so slow that it bareW 
shows up within the hour period of the accompanying tests (see control, 
no. 5), does give progressive!}’' longer clotting-times in the presence not 
onl}’’ of albumin, but also with heparin alone and, most markedly, with 
heparin plus albumin. Obviously, this is not a S3’nergism of the albumin 
and heparin effects, but a modification of the thrombin inactivation proc- 
ess. The inactivation phenomenon ndll be the subject of a separate com- 
munication (7). 

Experiments with sahnine. 1. In the first phase: The presence of sal- 
mine-sulfate (at same pH as the other reagents) resulted in a marked 
antiprothrombic effect in the early phases of prothrombin activation. 
This was found consistent!}’’, e.xcept in a few cases (upon which we place 
no emphasis) where the thromboplastic agent was omitted. As usual 
in these cases, the activation by calcium alone was slow and poor. The 
anomalous thromboplastic action of salmine was noted in the early phases 
(in some experiments even more conspicuously than in the example cited). 
In most cases, the antiprothrombic effect developed later, although rather 
irregularly, as in the cited experiment (no. 8). 

Heparin (v. infra) is also an antiprothrombin, but the data of table 5 
clearly reveal the antagonism between salmine and heparin in this respect. 
With the right quantitative mixture (no. 6), the antiprothrombic effects 
of the two agents neutralize each other completely and the activation curve 
accurately reproduces that of the control (no. 1). 

2. In the second phase: Salmine was consistently fibrinoplastic in the 
thrombin-fibrinogen reaction and sometimes quite strikingly so. The 
action was quantitative, disappearing on sufficient dilution. It was non- 
progressive. These facts are brought out in table 6. 

The relations of salmine and heparin effects in the second phase aic 
shown in table 8, in the section dealing vdth pH effects. It is seen, 
throughout the pH range, that salmine immediately overcomes most of 

the minor direct antithrombic action of heparin. 

Experiments with heparim The data on the unequivocal antiprothrombic 
action of heparin in the first phase and the very minor immediate (non- 
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progrci-j^ivo) nniUhromhic nffoct in Hk: Fcconrl phn*-^,* (nf «U pM Invds 
tosted) tm\ in<*Utd('d in t!u; ummipirnyuiK tnlilo.-i. TIu‘ r-xp(-nm''n{:tl re- 
sults also show that (he imtiprothrojnbic action of hepnHn is Hci!trali;!:ed 
in a (ptnntitnlivj* niaiiner by snlmine, but is only slight ly reduerd by 
erystalliiu' serum albumin. In the setamd phase, the minor antithrombie 

TAiJbH r. 

EJffxlii of mhiiinr (-sut/atfl and hrjmrsti on nclh-a(tirn of protfiwruhiu to tf.rornhtn 
'riirornbir; mixture (T) -tee. Prothromliiii a- o/jjer, »in. hj-ftin extnmt (no?, 1-tJ 
only) + 0 . 2*1 re. N/10 CnCl; 4- inbihitnr.^ pUjantltirr'. fxprw.sed in rniUigrnv.x} to 
total volume ore. Inrubatlon {tit 2.*>"(’.) for times ituiirated (minutes). (riiUtinp- 
timc.s (scromls) for 1 rr. fibrinogen •»* O.Sre. T, pH 7.2.'). 
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7 

3 
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0 
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i 8 

s 

1 
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11 
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0 

G 
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(0.25) 

i 

5 

5 

1 " 

s 

7 

1 {Ca, alone) 


1 

ISOO 

1800 

I 900 

2-10 

8 

1 Salminc (0.25) 


l 

095 

1920 

: 1505 

; 

132«1 


TARbE G 

Effects of varying amounts of satmine {-sulfate) incubated icith thrombin, to test netion 

on the second pfusse of clotting 


Thrombic mixture (T) >= 2 volumes thrombin + 1 volume .sidmine (cited strengths), 
incubated, at 2i'’C., for times (minute.'*) indicated, (llottinfj-time.s (seconds), at 
38°C., for 1 cc. fibrinogen O.o cc. T. pH = 7.25. 


NUM- 

BER 

! 

• i mKCTE 

1 

5 

MINUTKff 

1.', 

xriscTi:.** 

SO 

MtNUTE'^ 

CO 

MiKtrrr^ 



j «r. 

SfC, 

SfC. 

ffC. 

sre. 

1 

(Control) 

i 22 

21 

oo 

22 

20 

2 

Salminc (0.02 per cent) 

i 20 

19 

20 

20 

.32*' 

3 

Salminc (0.1 per cent) 

f IS 

17 

18 

18 

20 

4 

Salminc (0.5 per cent) 

1 

14 

14 

14 

15 


* Flocculation in mixture. 


action of heparin is largely overcome bj' salmuie, but is lusually .slightly 
increased by albumin. 

When there is some inactivating process (7) in the thrombin preparation 
itself, this action (table 4) seems to be speeded up by heparin or albumin 
or both (additivelj-). The “progressive" effect (cf. 6) is that of the throm- 
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bin-inactivator (progressive antithrombin (7)) and not of the heparin or 
albumin per se. 

Fisher (8), in experiments on “genuine” (native) hen plasma, alleged a 
slight acceleration of clotting (in presence of tissue extract) when very 
small concentrations of heparin were added. This we have been totally 
unable to confirm with our reagents. 

e.g. Using same reagents and test conditions as in data of table 7, plasma (dog, 
citrated) was clotted (by Ca -f thromboplastin) in the presence of a series of heparin 
dilutions. The anticoagulant effect diminished steadily down to the absence of 
action finally obtained, as seen in the last four tests, viz. 

heparin (mgm. per test) = litj, sh, B-lij, xAo; 
respective clotting-times = 19, 18, 17, 17 sec.; 
control (with dist. water) = 17 sec. 

TABLE 7 

Effect of pH on clotting of plasma, with and without heparin (1:1000) andsahnine (1:100) 

Samples of citrated, Berkefelded, dog plasma, diluted with an equal volume of 
dist. water, were brought to pH values cited. Clotting-times (seconds) at 38°C. 
for 1 cc. plasma -f- 0.25 cc. anticoagulant -f 0.25 dilute brain thromboplastin -}- 
0.25 cc. N/8 CaCb. 


ISH 

COKTBOIi 

HEPAIUN 

BALMINE (seconds) 

CONXBOIi 


sec* 


flo<x.*-agglul. 

sec* 

6.0 

47 

Flocc, 23§ min. 

60- 90 

47 

6.5 

22 

Flocc. clot 4§ min. 

45- 60 

21 

7.0 

19 

130 sec. 

40- 50 

17 

7.5 

16 (16) 

100 (98) sec. 

35- 47 

15| 

8.0 

15 

78 sec. 

40- 50 

14 

9.0 

17 (17) 

56 (57) sec. 

45- 65 

15 

10.0 

50 

165 sec. 

100-200 

48 


* Flocculation preceded agglutination in the salmi ne experiments: the latter is 
the closer approximation to a true clot. 


The above-described antiprothrombic and antithrombic effects of heparin 
in the isolated clotting systems also diminish steadily to a vanishing point 
with successive dilutions of the heparin. Concentrations which have lost 
the ability to affect the second phase are still strongly antiprothrombic in 
the first phase, if cephalin (or very weak thromboplastin) is used (9). 

Effects of pH. A. On clotting of whole plasma. In the data of table 7, 
the clotting-times (38°C.) of recalcified citrated plasma (mth added throm- 
boplastin) are studied at various pH levels in the range 6.0-10.0. The 
effects of heparin and salmine are also included. Both are inhibitory 
throughout the pH range tested. In the controls the optimum pH is 
definitely on the alkaline side of neutrality, in the neighborhood of pH = 
8.0. The anticoagulant action of heparin is minimal at pH = 9.0. The 
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sharp increase in its inhiihtory action l)eIov/ pH 6.5 is accompanied 
b.y flocculation. Salininc jn-oduccs a flocculation v.-h!ch develops in flu- 
plasma at all pH levels approN'iinntely at the linivs noted. “With tlic 
onset of clollinp; the flocenl.alinn hmnne" <'oar.«e and aet;hitinative and 
only an approximate timing; is po.ssihlc. Then; is a sujieestioii that the 
pH optimum .shifts slightly tf)v.'ard tite acid, iait the <iata arc not sufll- 
cicnlly reliable to establish the optimum v/jthin 0.5 to 1.0 pH unit. The 
salmine tc.sts were ])erformcd .several hours later than the heparin .series 
and the controls have altered very .slightly in (hr; tlirection of a sorne’.vhal 
more rapid clotting towards the aUcaline side. This .supports a find- 
ing which we hin'c frequently cxperienc<-<l, Imth with plasma and pn»- 


T.\BLK S 

Effect of pJl on clotting of filirinogen hg thrornhin, in jirefencf of crgy'.nUitu’ trritrn 

aVnunin, folniine nrul hrporin 

Clotting time* (jicoond*;) nt .'oul cited jdl valtics, for 1,0 cc. tibrinogen -f- 

0,5 cc. anticoagulant -f* 6..'' cc. Ibrombin. Amount of anticoagulant in each clotting 
test is expressed in niilliprams, except cry.strdlinc .albumin, wbieh i.** mea.'nircd in 
cubic contimcter.s of .n 1:20 dilution (not diuly.^cd) of the turbid suspension supplied 
bi'Dr. T. L. McMeckin. Tiic last two experiraents were made fovernt hours after 
the first four series. 
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Salmine (0.25) 
Heparin (0.25) 
Hep. (0.25) + A 
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irc. '■ IK. 1 IK. ; 


Trace, 4 hours 

15 

. 10 : 12 ; 15 ; 

110 ECC, 

No clot 

20 

15 i IG i 2J : 

3C0 sec. 

a Kcc. 

3 

6 ■ a ; 12 1 

40 Ecc. 

I'r.ncc, fi liours 

30 

25 i 40 j CO i.Turhid (no c 

No clot 

43 

33 i 50 ( 75 Tine flocc. 


(10 


Hep, (0.25) 
(0.25) 


-f- Salm. ! Trace, G houns 1 20 i 20 | 10 I SO 


70 sec. 


ihrombic sy,slcm.s, viz., that thrombic activity may be enhanced after a 
few hours’ keeping. 

B, In ihc sccoy^d ^duisc. In the tc.sls of table 8, the individual reagent.s 
were brought separately to each pH value and rai)i(li 3 ' mi.xcd and held at. 
38°C. The controls show a definite optimum, again close to pH — 8.0 
.although it is not defined these experiments more closely than ±1 
pH unit. There is a falling off of thrombic activity toward both the 
alkaline and the acid side of the optimum. 

The fibrmoplasHc action of salmine (no. 3) is shown throughout the pH 
range (6.0-10.0) and is most striking at the highly alkaline pH = 10, 
where clotting is all but inhibited in the control (and other) tests. In 
the data cited, the pH optimum is shifted b}"^ salmine some 1-2 pH units 
toward the alkaline side. 
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The minor aniitlirombic action of ciystalline semm albumin has the 
same pH optimum as the control. 

The similar weak antiilirombic action of heparin also adheres to the same 
optimum, and this is true also of the heparin "plus albumin. There is 
apparently a slight shift to the acid of the pH optimum in the case of 
heparin 4- salmine. There is no doubt that heparin has overcome the 
tendency of salmine to shift the optimum pH toward the alkaline side. 
With the reciprocal neutralization of the heparin and salmine effects, the 
normal (control) clotting-times are restored (approximately). 

G. In the first phase. 

Conditions for studying the effects of pH on antiprothrombic reactions are un- 
doubtedly complicated by effects of pH (alone) on the prothrombin — > thrombin 
reaction as well as by an influence on thrombin destruction which, at least in the 
later phases, seems to go on simultaneously with thrombin formation at the more 
acid pH levels. The method of study consists in bringing the prothrombin (alone, 
and with added anticoagulant) to the desired pH, then adding the tliromboplastic 
agent and CaCls (which tests showed to be without effect on the pH of the mixture) 
and incubating, at low temperature, in the usual way. The actual clotting test is 
performed at 38°C. by adding 0.5 cc. of thrombic mixture to 1.0 cc. fibrinogen, 
buffered with 1 per cent sod. barbital (at pH = 7.0 in the experiments cited in 
table 9, but at a somewhat more alkaline pH in other tests, confirmatory of these 
data). Controls at each pH are to be compared with the activation curves in the 
presence of the antiprothrombic agent. Preliminarj' tests proved that the thrombic 
mixture (sans Ca) at pH = 10 shifted the pH of the buffered fibrinogen less than 
0.2 pH unit (to alkaline side) while the mixture at pH = 5.0 produced a shift of 
less than 0.35 pH unit (to acid side). These negligible changes ensure that the 
pH variations in the thrombic mixtures are without influence of the type studied 
in the preceding section. 

Since the prothrombin and salmine solutions were salt-poor and feebly buffered, 
further control tests were made on the actual thrombic mixtures to see if the pH 
values were maintained. At the extremes, there was only 0. 1-0.2 pH unit shift in 
30-40 min. and 0.5-0.9 pH unit in 1^ hours. This was considered very satisfactory. 

Since crystalline serum albumin was tbromboplastic in the first phase 
reaction, it was not included in this study of pH in relation to antipro- 
thrombic action. 

Controls. With our particular reagents, the controls show a pH op- 
timum surprisingly far into the alkaline region (c/. 16). Although the 
data of these and some other similar experiments define the optimum 
only within 1 pH unit, it is repeatedly demonstrated that the optimum is 
in the zone, pH = 8-9. There was a slight inhibition on increasing the 
allcalinity to pH = 10.0 and a much more striking inhibition in the acid 
region (pH = 5.0-6.0), the latter apparently associated with a heightened 
thrombin destruction. 

Salmine. Two separate experiments, on different occasions, are in- 
cluded in table 9. In both cases brain thromboplastin was used as the 
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activiifor (with Ca) of tlu? prothromhia. Cojn[jarifion of th(! roafrolM 
(a) and aulminc (b) in (;Nparitncn( A ahowa that tha nntiprothminhia 
action of tla; aaliniiu’ waa axhihitad, f-apecially in the early phaa^-a, thrmiph- 
out the jdl ranpa O.O-IO.O. J'Aporirnanta at pH 8,0 and lO.t) v/era ai^^l 
pcrff)nnccl on the wrond oeeacton, htO arc not inelndf'd in herie> B .dnee 
tljn re.snlt,'^ were aiinilar to the forepoinp. d‘he data of exfM'rirnent B at 
j)H = 0,0 and 5,0 piv(; evidenee. of an initial tlmanhajiUt^iif' (itlirm irrstead. 
In no, 5a this was followed by the iisnal inhilntorj’ effeet, bnt in no. (k 
this did not. develop within the time limit (1 hr.) of the test-;, 
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Effect of pit on oc.lif/ition of prolKrotffjin, icith i:n/i icitfimt ‘’•Joitnc 
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d- 0.25 cr. N/10 inriiti.ntrd at lO'^C, fer tirnrs indiratrri (mituites). 
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* Flocculation. 


Heparin. Table 10 illustrate.s a .similar study with heparin. Here 
again, the antiprothrombic action i.s manifest throughout the pH range 
(5.0-9.0). At no time xvas licparin thromboplastic. Tlio sharp rise in 
anticoagulant effect noted in the last two readings at the acid values 
(pH == 5.0-6.0) xvas not progressive between 60 and 90 minutes and sug- 
gests an antithrombic rather than an antiprothrombic action. The con- 
trols show a similar, though much less marked, thrombin instability. 

Discussion. The present data, selected from a considerable nimiber of 
similar experiments, rc-affirm the stand we have previously taken (5), 
in support of the original view of Howell and Holt (10), viz., that heparin 
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is indeed an ‘'antiprothrombin/’ in the general sense of being an agent 
which retards or prevents conversion of prothrombin to thrombin. In 
emphasizing the importance of the type of thromboplastic agent as deter- 
mining the degree and duration of the antiprothrombic action of heparin, 
it was pointed out (11) that failure to realize this was responsible for a 
number of current denials of the antiprothrombic effect. We would add 
that it is not necessary to postulate an additional plasma factor (c/. 12) 
for the heparin inhibition of thrombin foimation in the presence of tissue 
thromboplastin, provided that the action is looked for early enough and a 
sufficientl}'' weak thromboplastin is used. The accompanying data stress 
these points, particularly the quantitative aspects of heparin-thrombo- 
plastin interrelationships. A strong tissue extract overcomes the heparin 

TABLE 10 

Effect of pH on activation of prothrombin, with and without heparin 
T mixtures = 4 cc. prothrombin + 0.5 cc. heparin (1:2000) (or distilled water) 
-4* 0.25 cc. dilute brain extract + 0.25 cc. N/10 CaCU, held at respective pH values, 
and low temperature (10°C.) for times (minutes) indicated. Clotting-times (sec- 
onds), at 38°C., for 1.0 cc. fibrinogen -f 0.5 cc. sod. barbital (1 per cent), buffered at 
pH = 7.0, -f- 0.5 cc. T. 



pH 

5 MINUTES 

16 MINUTES 

30 MINUTES 

GO MINUTES 

90 MINUTES 


■■ 

sec. 

sec. 

sec. 

sec. 

sec. 

la (Heparin) 


107 

42 

50 

55 


lb (Control) 


12 

10 

10 

11 


2a (Heparin) 

7.0 

257 

83 

45 

36 


2b (Control) 

7.0 

42 

17 

12 

11 


3a (Heparin) 

6.0 

535 

275 

185 

1020 

960 

3b (Control) 

6.0 

90 

50 

70 

57 

47 

4a (Heparin) 

5.0 

700 i 

600 

470 


960 

4b (Control) 

5.0 

200 ! 

125 

120 


212 


inhibition in all but the first minute or two of the prothrombin activation: 
a weak (brain) thromboplastin, like cephalin, is ineffective, or retarded 
over a period of an hour or more, if sufficient heparin is used. 

The experimental data do not distinguish between two underlying pos- 
sibilities, viz. 1, a direct action of heparin on prothrombin ("antiprothrom- 
bic” in a strictly literal sense), and 2, some process of "neutralization” 
of the thromboplastic factor(s) by heparin ("antithromboplastic” or 
"antithrombokinase” action in the sense of several previous workers). 
There is a definite dearth of evidence favoring any direct relationships. 

SUMMARY 

An experimental analysis has been made of the effects of serum albumin, 
salmine, and heparin on the isolated first and second phases of blood- 
clotting reactions. Acid-base influences have been investigated. 
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Cryslallino aenun {ilhurnin hn.« n nonspccifu: thrornlioplfisfic action in 
the protlirombin (hroiiihin phsi>-’0 uiid n ^liKht effect (n«Jifiliy nnti- 
ihrombic) in flic thrombin *b nbrinoj.'en internction. Tlte.Mf pluinomcnri 
are nnimportnnt in relation to n.ntnral coaiiculation meelianism?. I’lse 
purifictl albumin UicI-h the ability, ron?*iF.tently precent in ennle piarrna 
“albumin’’ preparationf?, of i)ro(lueinp a marked Fvnercivtie ant it hrombie 
action, in conjunction with heparin. 

Sahninc is ant iprot hrombie in the first ph.ase and fibrinoplaslic in the 
second. The inhibition preiionderrites in plasma. Both actions are an- 
tagonized l)y heparin. 

Hc})arin is antiprotbrornbic in the fmt jihnse, to a degree and duration 
depending on (juantitative relations to the thromboplastic factors. In 
the .second phase, it has a minor immediate (tiottprogres.'-ive) anfithromijie 
effect, exaggerated (iisnally) IfV allnimin and jintngonized In* stilrnitie. 

The .significant Jinticougulant effects in tlie^e studies an^ the antipro- 
thromhic actions of licitarin and salmine. There is some evide nce that the 
minor immediate anlithrombie aetions of heparin .and ai!)nmin (especially 
additively) favor the natural progrcs.dve thrombin ittnclivutor (i.e., unli- 
thrombin, in the sense of .‘•crum “anlithrombin") but the .‘;o-called pro- 
anlithronibic (ati(ifhroml>iuogeuic) factor <^f plasma and .‘•entm ha.s not 
been considered a part of the.=e .studievs. 
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Most of the errors in measurement of respirator 3 ’- functions caused by 
physiologic factors tend to result in values that are too high. These errors 
may be caused by conditions such as an insufiicient period of rest, too 
recent ingestion of food, breathing against a resistance, or discomfort from 
the face mask. In view of the discrepancies between the basal respira- 
tory volumes found by us (1) and those found pre\dously by manj’- other 
investigators, it seemed desirable to ascertain the factors responsible. One 
of the obvious technical differences was the greater length of the rest period 
in our experiments as compared with the rest period in experiments of 
others. YTiile it is generally recognized that subjects respire less air per 
unit of time after a period of rest, we have been unable to find any informa- 
tion in the hterature as to the rate or the extent of this decline in respira- 
tory volume. In order to assess the increment in respiratory volume 
caused by breathing carbon dioxide, these increments must be measured 
from a baseline, and the establishment of this baseline is impossible unless 
the length of the required rest period is known. Most experimenters have 
felt that practice affects the results since any subject going through an 
unfamiliar test is hkely to have some emotional response. If this be true, 
one would expect that respiratory volumes would decrease with repeated 
testing and that the stabilized level might be reached sooner. 

The data given in this report allow us to determine the length of the 
necessaiy rest period for estabhshing stable respiratory volumes in yoimg 
adult males, the effect of training on the rate of stabihzation of respiratory 
volumes and the individual variations in the rate at which respiratory 
volumes are stabilized. 

^ This work was supported by grants from the Research Board of the University 
of California and the Christine Breon Fund for Medical Research. 

For statistical advice .and criticism of the manuscript we are indebted to Dr. 
Robert C. Tryon and Dr. Herbert S. Conrad. 

Grateful acknowledgment is made for clerical assistance in the analysis of the 
data to the Works Progress Administration (O. P. No. 65-1-08-62 Unit A 8). 
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IvxrKuiMKNT.M.. A groiij) of 3! whitr-, maif hludiiits fX, Y. A.) 

from 18 (o 21 ycurj^ of n^'f' nervod uk hnhjt’c.l^. ICnch .‘-itbjw'} v/.ia tcstr<i 
.at a uniform tinu; of day (oithcr in the morning or iti tlu' nffenioon) and 
had not oaten for one hour prior to each lest. A 8if>l>e-Gormau ha!f-m.n.«k 
.securely lied over tin? subject V face while he was .-ianding. .and im- 
mediately after he had as.--umed tlie .«u{>ine position tlu- rfdlection of the 
expired air was bc|pin. He breathed r>uf<loor air wanned to rmnn temfw;ns- 
f.iirc. Inspired and expired air were .‘■epanUefi by a p.air of egg-shell valves 
floating on mereury which retpiired a jire.-sun* of only 1.5 mm. <if water 
in order to open. 'Die expired air wa.s eolleeted in a pair of recording 
spirometers of the 'Pissot type, eneh with a rapacity of P.IP liters (at O’C., 
7()0 mm. Hg). 'J'he apparatus was arranged .«o that time was a-coided 
automatically at the etid of expiration of each 0,10 liter sample of air. 
Contintious .‘:amj)les of e.xpired air were niea^nretl over a period of 30 tO 
mimttes. He.'''piratory volumes in liters iK?r minute were computed from 
the time required to breathe out each 0,10 liter .sample .and were eorrerted 
to 0°C. and 7G0 mm. mercurA'. hlaeh .‘subject .served for four experimentai 
Itcriods on difTcrent days. 

Tukat.mext or h.ata. Because of the iudividual differences in respira- 
tory volumes, interpolated values wa-re used iu the calculation of average 
curve.?. E.stimatcs were made of (he rcspinitory volumes at minute 
intervals in each experiment from curves iu which total elapsed time 
was plotted as the ordinate ami sueces.<ive 0.10 liter units of air were- 
plotted as the abscis-sa. The respiratory* volumes in liters v.ere thus ob- 
tained for each minute from one to thirty, and were corrected for the size 
of the subject, by dividing the recorded volumes by the surface area ns 
cstim.atcd from the height and weight according to the DuBois fonnula. 
Zero lime was taken at the moment the .subject assiuncd the supine jwsi- 
tion. The re.spiratory volume of cai’h of the 31 subjects apjK'arcd in every 
point, in all four te.sts. Values were obtained for 30 minutes in the fij-st 
three tests and for 20 minute.s in the fourth test. 

The results of the experiment.? arc shown in fable 1 and figure 1. 

A rapid decrement in the rcspiratoiy volume occurred with the assump- 
tion of the supine position and an average of 20 minutes was required 
before this decrement became insignificant. Although a decrease was 
apparent between 20 and 30 minutes, it was not statistically significant. 

A comparison of the four curves indicates that practice docs not sig- 
nificantly alter the rate at which the respiratory volume becomes stabilized. 
The decrement must therefore be the result of rest plus the physiologic 
adjustment to postural change rather than to psy’chological factors related 
to unfamiliarity with the experimental technique. It should also be noted 
that the actual respiratory* volumes do not decrease as more tests arc 
done — an indication that with adequate preliminary* rest periods extended 
training is not necessary\ 
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Although no effects of practice were discernible in the average cui^ves 
for the entire group, it seemed possible that some subjects would attain 
stable respiratorj'- volumes more quicMy in later experiments than on first 


TABLE 1 


Average respiratory volume for successive minutes after assuming supine posture 

N = 31 adult males 


MIKTITEB 
OF BEST 

experiment I 

EXPERIMENT Xl 

EKPERIMENT IH 

EXPERIMENT IV 

! 

Mn.t 


Mn.t 

‘^Mn.t 

Mn.t 

<^Mn.t 

i Mn.t 

1 

1 

5.08 

0.22 

5.20 

0.24 

5.08 

0.23 

1 5.29 

0.22 

2 

4.56 

0.20 

4.47 

0.17 

4.57 

0.18 

4.57 

0.18 

3 

4.27 

0.17 

4.19 

0.14 

4.23 

0.14 

4.33 

0.17 

4 

4.05 

0.15 

3.99 

0.13 

4.06 

0.14 

4.11 

0.16 

5 

3.97 

0.14 

3.87 

0.13 

3.92 

0.13 

3.97 

0.15 

6 

3.85 

0.14 

3.79 

0.13 

3.81 

0.12 

3.88 

0.14 

7 

3.74 

0.13 

3.71 

0.13 

3.73 

0.12 

3.75 

0.14 

8 

3.69 

0.14 

3.69 

0.13 

3.73 

0.13 

3.72 

0.14 

9 

3.62 

1 0.12 

3.64 

0.13 

1 3.71 

0.14 

3.65 

0.13 

10 

3.56 

0.12 

3.59 

0.14 

3.65 

0.14 

3.57 

0.13 

11 

3.50 

t 0.11 

3.57 

0.13 

1 3.60 

0.13 

3.56 

0.12 

12 

3.46 

0.11 

3.56 

0.13 

3.57 

0.13 

3.53 

0.12 

13 

3.46 

0.11 

3.53 

0.12 

3.57 

0.13 

3.52 

0.12 

14 

3.45 

0.11 

3.49 

0.11 

3.58 

0.13 

3.52 

0.11 

15 

3.46 

0.11 

3.46 ! 

0.10 

3.54 

0.11 

3.49 j 

0.11 

16 

3.48 

0.11 

3.44 * 

0.10 

3.53 

0.10 

3.49 

0.11 

17 

3.54 1 

0.13 

3.46 

0.10 

3.46 

0.09 ! 

3.47 

0.12 

18 

3.55 

0.15 

3.43 

0.09 

3.43 

0.10 ' 

3.45 

0.11 

19 

3.48 

0.14 

3.36 

0.09 

3.42 

0.08 

3.41 

0.11 

20 

3.49 

0.14 

3.39 

0.09 1 

3.42 

0.08 

3.44 

0.11 

21 

3.42 

0.12 

3.34 

0.09 

3.39 

0.09 


* 

22 

3.44 

0.12 

3.37 

0.09 

3.43 

0.09 



23 

3.41 

0.13 

3.38 

0.09 

3.47 

0.10 



24 

3.41 

0.13 

3.39 

0.09 

3.52 

0.13 



25 

3.39 

0.12 

3.34 

0.09 

3.51 

0.12 



26 

3.37 

0.11 

3.34 

0.09 

3.47 

0.10 



27 

3.33 

0.11 

3.36 

0.09 

3.42 

0.09 



28 

3.29 

0.11 

3.34 

0.09 

3.40 

0.08 



29 

3.31 

0.11 

3.34 

0.10 

3.43 

0.09 



30 

3.36 

0.11 

3.37 

0.10 

3:43 

0.09 




t Liters per square meter per minute. 

* Experiment IV- terminated at 20 minutes. 


trial. To test this possibility, the time required for each subject to stabi- 
^ze ins respiratory^ volume in each test was determined. The average of 
to determined independently by two observers was used 

P e fiequency distributions as shown in figure 2. The results con- 
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firmed tl»e findings for tlic uvcrnge curves for nil subjects; the menu time 
for the firsl. lest run wns 20.fi ± 0.02 rninu(e«, for tin;- .‘‘Crond run ]0.2o s: 



Hr. 1. AvnniRo tlecrcmonl in ro.spinntory vohiriit? nffer fi-«KurninR pupine posture. 
Average curvc.s for 31 niaio.s-'.ngcs IS to 21. Mn 23.10 yc.ars. Results from 4 cx~ 
pcrinicntfi .shows absence of learning ('fTcetP. Length of arrow at beginning and end 
of curvc.s shows ifc 1 S. D. of the mean valuc.s. Zero time t.aken at moment of lying 
down. Mean value.s plotted at middle of temporal interval. 

TABLE 2 


Mean dccrcinciil in rcspiralnnj volunic at lO-minulr inlcnals after asBimnn!} supine 

position 
N = 31 


1 

! 

i 

iiiacTE l-IO 

mnvzr. 10-20 i 

1 

i MtNcrr. 20-30 

1 

KXrKTlTMKKT \ 

Mn. 

i 


Mn. ! 


! ! 

Mn. 


1 

\ 

I./sq.m./ 

“^51 n 

c.n.t 

l./eq.tn./ 

‘^Mn 

1 c.n.t 

I./sq.m./: 

"^Mn 

1 c.n.t 

1 

min. 



min. 


i 1 

i 

min. 

! 

I 

1.52 

Hi 

8.2 

0.07 

0.10 

0.7 

0.13 i 

0.05 

2.4 

II 

1.61 

ilO 

8.G 

0.20 

0.07 

2.6 

0.02 

0.03 

0.7 

Ill 

1.44 

na 

8.3 

0.22 i 

0.07 

3.1 

0.01 

0.04 

0.3 

IV 

1.71 

0.20 

8.4 

0.14 j 

0.03 

4.3 

♦ 


« 


* E.vperiment IV terminated at 20 minutc.s. 
t Critical ratio. 


0.54 minutes and for the third run 19.01 d= 0.59 minutes. Inspection of 
the data from which figure 3 was derived showed that 6 of the 30 subjects 
required less time in runs 2 and 3 to stabilize their respiratory volumes 
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Fig. 2. Frequence distributions of the time required by individual subjects to 
attain stable values of respiratory volume. 

test I; test II; test III. Mean values shown by vertical lines. 

The same 31 subjects were used in each of the 3 tests. 



Fig. 3. Effect of postural change on decrement in respiratory volume. 

Respiratory volume in individual subject after 30 minutes of rest in supine 

position. Zero time at 31 minutes after assuming supine posture. 

Respiratory volume without previous rest. Zero time at moment of assum- 
ing supine posture. 

Experiments on different days. 


ill) 
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l)u( ihfit, rovorpnls of fliis offcnt in somi* of the otlicr subjf'Cts wore Jitifftcienl 
to Fsf.nhliKli tlie trend ns shown in fipnro® 1 and 2, 

Table 2 shown I hat the dern-niont iti respiratora' %’oltuno is sicnifieanf 
from tin; tenth to (he twentieth inimite but insijrnifirant from the t’,vei!- 
tieth to th(^ thirtieth minute. 

In order tt» delennitie just wliaf the efTeefs of tyirijt;: wi the faee mask 
would be, 3 subjects were p\!t throucii the followiu" eapenmr-nt. iMieh 
SFibjccl rested for oO minutes iti the sufum* jm^ition. Tisen tlie Sielas- 
Gormaii Indf-mask was tied to his face .am! tiie respimtory A’ohtmes were 
recorded as soon as the mask had been adjusted, 'I’he n:*>ij!ts ffig. iV) 
indicate iiiai (lie respiratory n«!justmtmt was made during tlie f^O-minuto 
rest perioti and respiratota- volume was not signific.antly increased by 
the apjdieaiion of the mask. 

Discu.ssio.v. The re.suits of this <‘X}K-riment .“iiow that a 20-mimite 
re.st jieriod in the .supim* position .sufliees to stabilise the rt'-spimtory volume 
in mo.ct subjects while a .'10-ininule rest period is sufheient for practic.aHy 
all subjects. The.'-e jK'riods of rest agree sui)‘-'f,nntially with the findings 
of Benedict and (hoft.s (2) aecording to which a period of 30 minutes is 
long enough to stahilir.c oxygen consumption. Ilowi'ver, our work nls'O 
indicates that (he minute respirntoiy' volume under ihe-se standardised 
conditions is greater tlian the minute volumes under the fasting conditions 
whicli arc routine in the measurement of basal oxygen eonsumiition (2). 
Since previous observers have reported rest fieriods as long as 20 or 30 
minutes, otlier factors must have caused the respiratory volumes to rise 
.so much liiglicr than tiicy did in our experiments. These factors may h.ave 
been: a greater rc.si.stanee in (ho circuit, increased dead air space in the 
apparatus, and, in some oa.'^es, failure to reduce the volume to standard 
conditions of temperature and pre.ssure. 

SUMM.\in‘ 

Continuous collections of e.xpircd air were made in a group of 31 young 
adult males immediately after they liad assumed the supine posture, and 
were continued for 30 minutes. An average decrease in resjiiratory volume 
of approximate!}' 40 per cent during the first 10 minutes and 10 percent 
during the next 10 minutes was found. No significant decrease occurred 
between the twentieth and tliirtictli minutes of rest. No evidence was 
obtained with successive testing that the rateof stabilization of the respira- 
tory volume increased, although individual difterenccs were noted. No 
significant alteration in respiration resulted from the application of a 
Siebe-Gorman half-mask. 
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Opinions have differed widel}'- concerning the influence of the alveolar 
oxygen tension on the respiratory response to carbon dioxide. Vernon 
(15) beheved that high oxygen tensions decreased the respiratoiy response 
to carbon dioxide, Lindhard (9) and Hasselbalch and Lindhard (7) held 
that the respiratory center became more sensitive to carbon dioxide as the 
oxygen tension decreased. Campbell, Douglas, Haldane and Hobson (3) 
maintained that the alveolar oxygen tension could be varied vdthin wide 
limits -without sensibly affecting the respiratory response to carbon dioxide. 
The work of Eastman (5) and Selladurai and Wright (12) showed that the 
respiratorj’- response to carbon dioxide is decreased in states of anoxemia. 

The study of the relation of high oxygen tensions to the stimulating 
effects of carbon dioxide has received little attention. In fact, most of the 
investigations on carbon dioxide hyperpnea have been carried out -without 
regard to the concentration of oxygen inhaled, except that in most in- 
stances anoxemia was avoided by using an “excess” of oxygen. To our 
knowledge Yamada (16) was the first to recognize that the inhalation of 
carbon dioxide-oxygen mixtures caused a greater respiratory increment 
than did the inhalation of carbon dioxide mixed -with air. His experi- 
mental technique consisted of the measurements of alveolar carbon dioxide 
tensions. Da-vies, Brow and Binger (4) reported similar results but since 
“in some cases the percentage increase differed but little from the mean 
deviation,” they were imwilling to lay any stress on their findmgs and felt 
that the matter could be decided definitely only “through statistical 
methods based upon a large amount of data collected under carefully 

^ This work was supported by grants from the Research Board of the University 
of California and the Christine Breon Fund for Medical Research. 

For statistical ad-vice and criticism of the manuscript we are indebted to Dr. 
Robert- C. Tryon and Dr. Herbert S. Conrad. Grateful acknowledgment is made 
for clerical assistance in the analysis of the data to the Works Progress Administra- 
tion (0. P. No. 65-1-08-62 Unit A 8). 
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KiuivdardiKcd conditions.” In onr own work nn attempt has been made to 
clarify the cfTccIs of breathing sevem! concentmtions of carbon dio.Kidc 
in pure oxygen and in 21 p(!r cent oxygen by carefully controlled experi- 
ments with a larger number of subjects. 

Exteuimuntai.. Twenty-three male college .students, nuiging in age 
from 18 to 28 years, served us subjects, Tlu- numlrt-r of subjccls used for 
each concentration of cnrlmn dio.xide may he seen iii ta!)lt; 2. Each nilr- 
jeol was tested twice with a given rarl.ion dioxtdf concentration in the 
})rcHencc of both 21 per cent oxygen and higli oxygen. Each experiment 
consisted of 1, a period of 30 minutes during wlileh tlic expired air was 
measured while the subject breathed outdoor air; 2, the te.st period during 
which the gas inixlurcs were breathed (this period was long enough for tlm 
respiratory volume to become stabilized), and 3, an afier-i>eriod of 20 

T.ABLi: 1 


Afffin per cent increctre ir. rrspiratnr'^ rotursf 



rt^3 

Twr IS j 

i AvrnACe d 

T Tjen X -r n 


Mn 


"Mn 

c.n. 

Mn 

'6 

'Mrs 

! C.TS.j 

Mn 


' 'Mr. 

1 

j c.m 

100% 0. 

Ki.7 

ir>.2 

3.0 

3.S 

12.4 

8.0 

2.1 

5.0 

13.3 

11.4 

1 2.7 

5.0 

1% CO} in nir . , . . 

11.8 

11.1 

2.7 

'1 

1G,2' 

8.2 

2.0 

.S.2 

14.0 

7.0 

! i.s 

7.5 

1% CO} in 0. 

27. G 

14.5 

3.5 

7.S 

2S.S 

14.2 

3.5 

8.3 I 

28.-1 

1 

la.oj 

3.5 

s.2 

2% CO} in nir. .. . 

no. 9 

15.2 

4.4 

7.1 

37.2 

10. 1 

4.G 

8.0 > 

31.2' 

13.2; 

s.s 

S.9 

2% CO: in 0} 

50.0 

18.4 

5.3 ! 

I 

0.4 

51.8 

2K2 

1 

7.0 

7.S i 

0*. .c 

19.7 

**5.7 

9.3 

4% CO} in nir . . . . 

07.1 

35. S 

A pm \ 

1 

11.2 

10.5.4 

41.5 

10.4 

10.2 i 

101.3 

30.. 5! 

9.4 

10.7 

4% CO, in 0: 

122.2 

17.11 

1 

11.4 

10.7 

124.6 

1 

jST.O' 

14.4 

8.7 1 

121.1 

45. 4j 

11.7 

10.3 


minutes during which the subject again breathed outdoor air. Each sub- 
ject was tested at a uniform time of day and had not eaten for one hour 
prior to each test. A Siebc-Gorman half-mask was adjusted to each 
subject and the expired air was measured over a period of 20 minutes while 
the subject was in the supine position in order to assure stable values of 
respiratoiy volume (13). The expired air w’as collected in a pair of re- 
cording spirometers of the Tissot type, each with a capacity of 9.19 liters 
(S.T.P.). These operated continuously in alternation and recorded 
electrically when each tank was filled. Egg shell valves (floating on 
mercurj’- and opened by a pressure of 1.5 mm. of water) separated the 
inspired and expired air. After four preliminarj’- trial runs, each on a 
different day, the experimental series was begun. Each subject was 
tested wth only one mixture on any single day, but the tests with a similar 
mixture were repeated on a succeeding day. 

In order to eliminate any effect of practice, the test series was counter- 
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balanced by having one-half the subjects breathe the carbon dioxide-air 
mixtures first and the other half the carbon dioxide-oxygen mixture first. 

The gas mixtures v’^ere obtained in four 6000-hter high pressure tanks 
from which a pair of Tissot spirometers, each with a capacity of 60 hters, 

TABLE 2 

Effect of 0" content on increment in respiratory volume resulting from increasing CO% in 

inspired air 


Percentage increment in respiratory volume (based on average resting respiratory 
volume for each subject during fore-period) 


BXTBTECT 

NT7MBER 

1% COj 

2% COi 

4% COa 

rn 21 % 

O 2 

In 90% 
Oi 

Diff. 

In 21% 
Oi 

In 98% 

! 0= 

Diff. 

In 21% 
O 2 

In 96% 
O 2 

Diff. 

1 

12 

61 

49 




1 

! 


2 

19 

42 

23 


1 





3 

12 

16 

4 







4 

19 

37 

18 


1 




1 

5 

20 

23 

3 



1 



i 

6 

11 

15 


37 

41 

4 


1 

1 

7 

8 

30 

22 

34 

49 

15 




8 


23 

13 

36 

49 

13 

74 

88 

14 

9 

4 

14 

10 

38 

42 

4 

146 

181 

35 

10 

12 

20 

8 

18 

44 

26 

89 

109 

20 

11 

31 

31 

0 

44 

65 

21 

140 

201 

61 

12 

13 

38 

25 

37 

54 

17 

68 

109 

41 

13 

16 

19 

3 

38 

57 

19 




14 

21 

35 

14 

22 

71 

49 

108 

202 

94 

15 

9 

23 

14 

24 

42 

18 

80 

90 

10 

16 

12 

32 

20 

41 

74 

33 

129 

163 

34 

17 

13 

24 

11 

42 

45 

3 

107 

118 

11 

18 







86 

113 

27 

19 







97 

106 

9 

20 


1 


1 



63 

99 ' 

36 

21 







90 

96 

6 

22 







93 

120 

27 

23 







109 

132 ' 

1 

23 

Mean .... 

14.2 

28.4 

14.2 

34.3 

52.8 

18.5 

98.6 ' 

128.5 

29.9 

tflln. diff 

3.0 

1 

1 


4.1 



6.3 

C.R 

4.7 



4.5 

1 


4.7 


was filled. The use of these large Tissot spirometers allowed the gas 
mixtures to come to the same temperature and pressure as the air in the 
room before being respired. One of the large spirometers was filled from 
the storage tanks while the subject breathed the mixture from the other. 
The intake valves were arranged so that the mixtures could be connected 
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I’ip. 1. I'/fToct of nltorntiiMiH in O* tension on inrrca«(' in rospirntory volume pro- 
duced by low conocntnUiniiK of CO. in inspired nir in nornml male. Ordin.nte-cumu- 
laiivc time in minutes required to expire equal units of nir (0.1 1.). (tO.-O. mixture.^ 
administered over intervnbs between arrow.^. All 12 experiments on .sinple subject 
ngc 23. Height 17G.0. Weight 77.1. Curves 1 and 4 are duplicate experiment.s in 
which a mixture of 1 per cent CO;, 21 percent 0;, and 78 per cent N* wn.s.ndminislered. 
In curves 8 and S a mixture of 1 per cent CO;, 00 per cent 0; w.a.« .ndmini.stcred. In 
curve.? B and 8 n mixture of 2 per cent CO., 21 per cent O; and 77 per cent N. was ad- 
ministered. In curves G and 7 a mixture of 2 per cent CO. and OS per cent 0. was 
administered. In cun-cs .9 and IS a mixture of -1 per cent CO;, 21 j)cr cent 0; and 75 
per cent N« wa.s administered. In curve? 10 and 11 a mixture of 4 per cent CO; and 
90 per cent 0; was administered. Experiments were run in the temporal order as 
numbered. 


Analysis op data and kesults. Respiratory volumes were computed 
by dividing the volume of expired air in each 9.19 liter tank (corrected to 
0°C. and 760 mm. pressure) by the time required to fill each tank, and were 
recorded as volumes in liters per minute or as volumes in lit ers per square 
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meter per minute. In all the experiments the resting level was deter- 
mined from an average of at least 10 observations following the 20-minute 
rest period. In order to decide which points should be included in the 
detennination of the resting level, graphs were constmcted (see fig. 1) 
in which cumulative time was plotted as the ordinate and the number of 
tanks filled with expired air was plotted as the abscissa.- Straight lines 
were fitted by free-hand methods to the experimental points so plotted. 
As can be seen in figure 1, these points form a straight line when the 
respiratory volume is constant. Increases in respirator}’^ Ymlume result in 
a decrease in the slope of the line. AY’^erage values were computed using 
onl 3 ^ points after a linear trend had been established. The resting leY’^el 
was used as the value from Yvhich all deviations caused by breathing the 
carbon dioxide mixtures were computed. Table 1 is a summary of average 
results from all the subjects calculated in per cent, together vith the 
critical ratios (computed as ratio of the mean difference between resting 
respiratory volume and stimulated imlume diidded bj’’ the standard error 
of the difference). The increments in table 1 are based on the averages 
of tivo tests for each subject, with the baseline calculated on the fore- 
period. 

Table 1 indicates that carbon dioxide mixed ivith 21 per cent oxj’-gen 
causes a significant increase in the respiratoiy volume in all concentrations 
used. One per cent carbon dioxide causes a mean increase of approxi- 
mately 14 per cent, while 2 per cent carbon dioxide causes an increase of 
about 34 per cent. We found, as have others, that 4 per cent carbon 
dioxide doubles the respiratory Ymiume. On the other hand, Yvhen the 
same concentrations of carbon dioxide are mixed uith pure ox 3 ^gen, the 
increments are much greater. Thus, 1 per cent carbon dioxide in ox 3 !'gen 
increases the respiratory volume almost as much as does 2 per cent carbon 
dioxide in air. 

Since each subject breathed a given percentage of carbon dioxide in 21 
per cent oxygen and also the same percentage of carbon dioxide mixed 
ivith pure oxygen, the significance of the difference in respirator 3 '’ response 
to carbon dioxide under the two conditions was tested b 3 '' the method of 
differences, as summarized in table 2. This table shows that the response 
to all concentrations of carbon dioxide mixed vdth pure ox 3 ’'gen is sig- 
nificantb’" greater than to the same concentrations of carbon dioxide mixed 
vnth 21 per cent oxygen, since the critical ratios are 4.7, 4.5 and 4.7 for 1, 
2 and 4 per cent carbon dioxide. 

Discussion. A possible explanation of our results is that in the presence 
of a high oxygen tension in the respirator^'’ center the sensiti’^dt 3 ’’ of these 
cells to the normal stimulus of increase in hydrogen ion concentration ma 3 '’ 

- This method of plotting was utilized because fewer calculations were required 
and because this method tends to minimize the effects of chance fluctuations. 
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he enijniieed fo flint re.^piration is inco-nsed v.'ifhmit n rneastinihlir rise in 
the liydifiRen ion coneenf ration or in airhnn dioxide of tin- eentTT. It is 
frne that if 13.3 pnr cefit (the nveniRe inereinent in rrspinitor>’ volume 
produced by breathing ICK) per cent oxyfNTj) df-durfed from the vnlur< 
obtained wlieii carbon dioxide mixed M-ith pure oxygen in inspired (table 2), 
the dipcrepaiKA' is 0.0 per cent (1-1,2 — (2^^.} *" 13-3)) wlien breathing I 
per eenl carbon dioxide; 5.2 j)er cent (31.3 — (52.S — 13.3)) when breath- 
ing 2 per cent carbon dio.xide; atid 10.0 {'-■r ceisf (0.^,0 — (i2S.5 — 13..3)) 
when Ijreatbing 4 per cent carlion dioxid<>. If fhc.-e inereriFing dilTerene*!.'' 
were atati.slicatly significant, it would prove that the respiratory center i.s 
more .‘-■ensitivc to n given coneent nation of eurlron dioxide when the oxygen 
tension is increased. However, the differt-nces, although suggestive, are 
not pfaf i.sticalh' .significant. 

Since it ha.s been .shown previously that a .sigriifirant rise in re.spiratory 
volume rc.sult,s from breathing !(K) per emit oxygen (M) xve aoT forced to 
conclude that the. nssult.*-- ob.served repre.-ent only an additive etTeet of 
increased 0- ten.s-ion and increa.sed CO; tension. Since the difFerenti.a! 
effect does not dip,'ipi>ear with breathing I per rent CO; we doubt whether 
it can be titlHlnitial to a reduction in blood flow in the brain which T^mnox 
and Gibb.s (S) and other investigator.^ (10, 1 1) have found in humans and 
mammals breathing pure oxygen. 

'file rise in CO; tension of the tls>-ne.< of animals: breathing pure ox\'gen 
reported by Campbell (2), as well as the rise in CO* ten.saon of both arterial 
and vcnou.s blood in animals breathing }niri‘ 0; at 4 .atmosjiheres’ prc.s.sure 
reported by Behnke, Shaw et al. (1), lend support to the thesis originally 
propo.scd by Gcscll (0) that in the prcHmce of high o.xygen tension the 
tramsport of carbon dioxide from the ti.c.^ue.s might be interfered with 
because the amount of reduced honioglohin available to tran.sj)ort a given 
amount of CO; would be reduced n.s a re.-^ull of the increased amount of 
o.xygen carried in physical .solutions. 

Practically, the conclusion to be drawn from our work is that a given 
concentration of carbon dioxide sliould be mixed unth oxygen rather than 
with air to produce a maximal degree of hyperpnea. Conversely, (as 
concluded from the work of otlicns), in .states of anoxemia oxygen should 
be used in high concentration in order to enhance the rcspiralorA* response 
to either the carbon dioxide present or to the carbon dioxide that ma}" be 
added. 

SuMMAiiY. A group of 31 adult males has been studied. Each subject 
rested for 30 minutes in order to stabilize the respiratory x'olumcs and then 
breathed (through a Siebe-Gorman half-mask) a mixture of 1 per cent 
carbon dioxide and 21 per cent o.xygen for a period of S to 15 minutes, after 
which time the respiratory volume was again stable but at a higher level. 
This experiment was repeated with 1 per cent carbon dioxide and 99 per 
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cent ox 3 '-gen. In all the experiments the average increment in the respira- 
tory volume was greater when the subject breathed 1 per cent carbon diox- 
ide in 99 per cent oxj'^gen than when he breathed 1 per cent carbon dioxide 
in 21 per cent oxygen. Similar results were obtained when 2 and 4 per 
cent carbon dioxide were mixed vdth oxygen. In some subjects the differ- 
ence in respiratory response was great enough to be of clinical importance 
and should be considered when carbon dioxide is administered for thera- 
peutic purposes. 


CONCLUSIONS 

1. Data are shown which give the average effect of 1, 2 and 4 per cent 
carbon dioxide on the respiration of normal adult males. 

2. Normal subjects respond with a greater increment in respirator}’’ 
volume to carbon dioxide (in concentrations of 1, 2 and 4 per cent) mixed 
with pure oxygen than to the same concentrations of carbon dioxide 
mixed with air. 
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PHI'.SSOH nivSJ'OXSl‘>; FOIJ.OWINX; SHORT, COMFLKTfv RKXAL 
1S(.-11KM1A; {^nAllAOTKRJSTK’S, MICiRiAXlSM. 
SPMC’IKK-ITV 1T)H KIDXHV 


i)KAX A. (;OJ,!.IXH am* ANfUK S, HAMil/rOX 

I'roat till- Dcfutrltni'iii nj Trr'splf Sr!, no! n/ M'lUritir, 

i‘!.ft<u!ri}iiiiitf I'll,. 

Ilrct-ivf-il fur puli’i'rition Jitti*- J?', J*MO 

'Phnl itti (!l(;V!ition of i)!ootl j>r(*>.--ufr follow.^ Ri*- nytomtion of renal 
eirculution afP'r periodr; of (r(»nip}eto arrest In-eti n-portod hy Kiitzeti- 
steiu (1905), Dicker (P.KIT, 10:iS), ami Tiupiiiu (PATS. 1939. 1910). In a 
preliminary puhlic.'it ion Collins .and Hamilton (1010) confirmed the results 
of Tatjuini, consistently oht.ainim: elt-v.alions of hlood pressure after 5?. to 
G* liours of complete, bilateral renal ischemia. .At the samt* time Fri(‘<l- 
berg, Lamlowne, and Rodlnird (19 50) reported similar <*xj)eriments', btif 
obtained definite, elevations of blood jjressure iit otdy S of 19 experiments. 
Later Pnnzmota!, lanvis, and Ian.* (1910) uniformly ob«er\'ed pres.sor n-- 
sponses upon reestablishing the eiroulntion through o!ie kidney after 4 
to G liouns of comi)lefc hilatcrnl i.s'chemia. 

While extensive .studie.s of ehrotiie p.artial ischemi.a have been made, 
no comparable investigations exist for temporary coniphtte isohemiu. 
The latter maj' prove a valuable tool in the inve.stigation of renal liyjter- 
teusion, and warrants a more detailed .study. We liave, therefore, eoti- 
sidered the following phases of this problejn: .short periods of complete 
ischemia, unilateral ischemia, chnnictorist ies of pressor response, role 
of nervous mechanisms, effects of i)rcvious adrenalectomy atid splenectomy, 
and ischemia of otlier organs. 

Methods. Dogs were anesthetized with chloralosc exeej)t in 2 ex- 
periments where sodium pentobarbital wa.s used. Through a mid-line 
abdominal incision all collateral circulation was dcstroN'cd by separating 
the kidneys fi’onr surrounding peritoneum and fat and hy tearing visible 
blood vessels on the ureters. The artery and vein of each kidney were 
occluded by a special screw clamji provided with a sleeve extension, which 
passed through an abdominal stab wound. After closure of the abdomen, 
the clamps could be manipulated by the sleeve extensions without dis- 
turbance to the animal. Renal circulation was always examined at the 
end of the experiment, and was found to be reestablished in all cases. 
Mean arterial blood pressure was recorded hy a mercury manometer, 
usually from the femoral artery. 
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Results. Complete bilateral ischemia lastmg 6 to 7 hours. When the 
clamps, occluding the vessels of the 2 kidneys, were opened simultaneously 
after periods of complete ischemia similar to those used by Taquini (193S, 
1939, 1940), elevations of blood pressure were consistently obtained 
(table 1). 


'J'ABLE 1 


Periods oj 6 to 7 hours of complete, bilateral renal ischemia 



EXPEEI- 
MENT 1 

EXPEHI- 
MEKT 2 

EXTERI- 
MEKT 3 

EXTERI- 
MEKT 4 * 

EXTEPA- 
MEKT 5 * 

Length of ischemia hrs. 

6.i 

6J 

7 

7 

61 

Original level of blood pressure. . .mm. Hg 

132 

14G 

112 

123 

IIG 

Maximum elevation of blood pressure 






mm. Hg 

48 

20 

50 

34 

26 

Elevation at end of experiment. . . .mm. Hg 

38 

18 

38 

32 

24 

Time between unclamping and end of ex- 






periment min. 

24 

27 

IG 

21 

15 


* The animal was ancslhctized with sodium i)cntobarl)ital. 


TABLE 2 


Shorter periods of complete, bilateral renal ischemia 


i 

O 

H 

T. 

U 

e 

u 

Ct 

u 

1 

U 

A. 

g 

EXPERIMENT 8 

Ci 

7, 

u 

P, 

c. 

K 

O 1 

H ' 

7 j 

P, 

U 

K 

H : 
7. \ 

U 

X 

w 

' M i 

1 *- 

1 Tx ' 

1 2 

1 2 1 

1 i 1 

i ^ i 

1 • 

1 7 

i T: 

' i i 

! 5 ! 

i S i 

j 

i H 

1 5 

K 

i ^ 

Length of ischemia hrs. 

Original level of blood ju'essure 

3 

31 

3i 

21 

2 

1 

A 

i 1 ! 

^ i 

j i 

X 

mm. Hg 

Maximum elevation of blood pressure 

140 

152 

109 

1 

84 

i 

IIS 

114 

120 

1 i 
1 1 

127 

f 

[ 

mm. Hg 

Elevation at end of experiment 

24 

IG 

1 

! 

44 ! 

j 

31 1 

1 

i 

28 

32 

] 

22 

33 1 

1 30 

1 

mm. Hg 

Time between unclamping and end of 

24 

6 : 

44 

31 : 

28 

32 

14 

24 

SO 

experiment min. 

49 

IS 

3G 

25 

19 

4G 

24 

i 1 

; i 

! 1 

9 


* Blood pressure was recorded from the carotid artery. 


Shorter periods of complete bilateral ischemia. The next serte.-^ of ex- 
periments involved periods of ischemia shorter than those studied by other 
investigators. Pressor re.sponses were uniformly obtained evt'u with 
periods as brief as 4 hour (table 2, figs. 1 and 2 B). 'I’he length of the 
period of ischemia exerted only a slight. elYect. on the magnitude of the 
response (tables 1 and 2). As the lime was .shortened, ihert' was less 
damage of the kidney as evidenced by more normal gross appearance after 























78 {) hj:ax a, A.vr» anoik h, HAAtri/ro.v 

if.-tornfioii of cinMiIutiotu 'rh»'““ oncuis, )lior< H>r(!. th'‘ prirtinlly 

jHchninic. kidnfv hvlurli lany r'iiow no d<'rno!i'-Jnthl<‘ more r’lo'.dy 

than do tho'** f-liHii^-d l>y pn-viuii^ invc'-ti^aKtr.-', o.'-inu lor!t:"r period'. 

CV/oro/'/' rfVhV.v of tfir jut. '.or i-rup’inyt. In ot.'oiy sht' ptf-y.-nr jo- 

.<ponsi‘ cfin^i.'-tod f-olcly of n {gradual oh.-vation of idofsd prr."Sin\ h'-pinnuit: 
a<: n ruh; almost imim-dinfoly aftor openiitu th«- (damp--. In .'■(tsac cAjH-ri- 
niants, houa-A'or, this pradiird ri-c ua- prcccdi-ri by p5»-liniiiiary fhnauatirtn'o 



I'ia- 1. S. Ucstor.'itioa of circulinioit afit-r t'.’ liiMir.-; of liilatcr.-sl 

OMial i.'iclKaiiia. 'I'lii! clainj).-; were at (ln> .«i^iiat. 

Fif^. 2. f.'ontrol cxpcrinictif. 'I'iu- cl.'itnp': were .-ipplinl u> lioiJi [)air.''' of n-aal 
vtwt.-ls, jircvion.sly li^jiitcd with linen thre.-nl. together with the intact, aeeoinpanyini: 
n(;rv(! plcxti.se.s. ,\l .\ tlie el.'itnps \v(>re ttpeni-d, U innirs :ifler their closure. 'I'lie 
elain|).s wcrfr tluai retinlitened, and the linen !ij:alnre.s wen- n-tnoveil, .\t H. •!■*> 
ininntes after A, the clainpH were <ipened auain. 

In the fianre.s the first lim- is the femoral Mood pressure, the seeoml is the base 
and siftnal line, and the third is a time line of •! s('eond interv.’ds. 

In most, ca.se.s tliej' consisted of a npnd riso followed by ji fall to a level 
usually, but, not alway.s, below the oripnal i)n.*.''sure (titj. 1). .-V nervou.s 

metdianism is not, involved a.s eNjteriinent.s to be de.seribed later showed 
tliat tliose ])rclimin:iry fluctuations were not, produced by control nianijni- 
laLions or sham oi^ening of the clamjts and were present after denervation 
of the kidney and dest.ruct,ion of tlic cord combined with vagotomy. 
Furthermore, they are not dependent ujton the jiresence of the adrenals or 
.spleen, since thej' occurred after excision of these organs. 
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The blood pressure reached its maximum height 2 to 9 mmutes after 
unclamping. The longer delays were usually associated ivith marked pre- 
liminary variations. The pressor response was prolonged (tables 1 and 2). 
In some of the subsequent experiments the blood pressure ivas recorded 
for an hour or more after the release of the clamps, and it did not fall to 
its original level in this time. 

When all the experiments were analyzed, the magnitude of the response 
was found to be independent of the initial value of the blood pressure. 
In some of the animals, in which much of the spinal cord was destroyed, 
poor and atjTpical rises occurred when the blood pressm-e was low and 
continuously falling. 

Complete unilateral ischemia. In 7 experiments the pressor responses 
from one kidnej’- ivere studied; the second kidney was intact in 4 cases, 
and clamped in the other 3. The periods of ischemia varied from 1| to 
8j hours, but most of them were less than 3| hours. In all instances typical 
rises of blood pressure (16 to 34 mm. Hg) occurred when the circulation 
through the. single kidney was restored. Numerical values for elevations 
of blood pressure always refer to the maximum height of the prolonged 
rise, and not to the preliminary fluctuations. 

Absence of a nervous mechanism. Experiments were next performed to 
determine what r61e, if any, nervous factors play in the response. 

1. Manipulation of the clamps. In many of the experiments the clamps 
were either rapidly closed and opened or purposely pulled and tiyisted to 
a degree calculated to produce an amount of stimulation equal to that 
involved in opening the clamps; no significant changes of blood pressure 
resulted. 

2. Sham opening of the clamps. Three control experiments, similar to 
those, of Taquini (1938, 1939, 1940), were performed. After collateral 
circulation had been destroyed, clamps were applied to both pairs of renal 
vessels, previously ligated with linen thread, together -with the intact 
accompanying nerves. When the clamps were opened 1^ to 2 hours later, 
no change of blood pressure occurred (fig. 2 A). The experiments were 
continued by retightening the clamps and remoidng the ligatures. 'VSfiien 
the clamps were now opened, the usual rise of blood pressure occurred 
(fig. 2 B). 

3. Complete ischemia of denervated kidneys. In 4 dogs, after separation 
of the kidneys from surrounding tissues, the ureters and the entire lengths 
of the renal vessels were mechanically stiipped of nerves and generously 
painted -wnth phenol solution. Following deneivation the kidneys were 
subjected to about 2 hours of complete ischemia. Pressor responses 
occurred upon restoration of circulation (24, 30, 44, and 66 mm. Hg). 

4. Complete ischemia after cord destruction and vagotomy. In 4 dogs 
most or all of the cord below the cervical segments was destroyed by a 
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liwivy hooked wire, inj-eried into the .♦•■pinfd eona! throu{,di e. hunineefotny, 
d’hc extent of eoinptete. cleA-tntetion, n-'-eertnined i)y the eptTnd 

enntd iit flie *‘nd of tlie experiment, an ff)now?-;: do;r 1 '.nii below the 

first thorncie root^, dop 2 portiort between riie fiiri flnmicle ;ujd fifth 

Inmbnr roofs, dog 3 fdl below the fifth eervira! roots, dog ■‘ - nil below 
tin: sixth eerviat! roots. -After the kidneys wa^re renderf-d isehendc, the 
vagi were seefioned. Tlie <hinit!f>!i of tlie initial irchemin varied from I 
to Uj hours, fn 3 of the nnimab' th'' kidneys were stibjrsderi to a sfeond 
period of isehemin (5 to hiv.). In * of lie* 7 unelrmjpings prolonged 
elevations of blood presstire of 14 to 30 imn. llg rt-siiUed, preceded willt one 
cxee{)tion by nnusnally prominent prcliniinary vnriatiotiF. In the other 
3 miclfimpings, where the blo<id prev-^un* was low and cosiUnnoitsly falling, 
the pressor re.sponsf's wen* snuill or poorly miiintaineeb 

The preceding series of (fxp(‘ritnent>‘ indicate th:d the pres-sor response 
is of noii-nen'ous origin; eonserinently a hurnonsl mcchantsm inusf be 
involved, 'rhis conclusion coiticides with that dnavat by 'raquini prin- 
cipally from dilTerent types of e.vperiments. In additioti, the last group of 
experiment.^ iiidicates that the renal prrssor jjialerial does not, act cxclu- 
.sivch', if at idl, through the eentnd nervous sy.sfem since the thoracolumbar 
coitl, from which the symj),athetie vasoconstrictor fibers arise, was Largely 
or entirely destroyed. 

Compldc ipciicmia of slrurlurca other than the kidnoij. It i.s important to 
determine whether the phenomenon is n .sj)(.a:'ial property of renal tissue. 
Other .stnictures w'cre, therefore, -studied. 

1, Leg. In 3 dogs the hind leg was com])lctoly isolated, e.xcc])t for the 
blood vessels, at a point ju.st above (he knee joint. Tim vcs.=cls were then 
occluded for to 2 hours, during whicli time tlie log was kept at about 
body temperature. Wlicii the clamp was opened, there was no significant 
change in blood pressure in any of the 3 animals. Circulation was found 
to be intact at the conclusion of the experiments. 

2. Tjiver. In 3 dogs the circulation through the narrow pediclolikc 
root of the left division of tlie central lobe of the liver wa.s completely ob- 
structed for about 2 hours. AAdicn the clamp was released, a fall of blood 
pressure occurred in one animal and no clmngc in 2. At the end of the 
experiments examination showed that circulation had been restored. Tlie 
weight of the hepatic tissue subjected to ischemia varied from 63 to 119 
grams. 

Thus, as far as leg or liver i.s concerned, the pressor phenomenon is 
specific for the kidney. 

Complete, bilateral renal ischemia after adrenalectomy. After recent 
bilateral adrenalectomy characteristic pressor responses were obtained as 
follows: dog 1, 18 mm. Hg {21 hrs.); dog 2, 36 mm. Hg (2 Ins.), 18 mm. 
Hg (additional 2 hrs.); dog 3, 37 mm. Hg (S-J- hns.). 
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Complete renal ischemia after splenectomy. In 3 recently splenectomized 
dogs, periods of complete bilateral ischemia of If, 1^, and 2| hours gave 
elevations of blood pressure of 32, 36, and 46 mm. Hg respectively. 

Discussion. The conclusion that the elevation of blood pressure follow- 
ing restoration of circulation through the completely ischemic kidney is 
due to the liberation of pressor material from this organ is supported bj’- 
other observations in the literature. These obser\’-ations will be briefly 
summarized. 

Taquini (1938, 1939, 1940) obtained pressor responses by transplanta- 
tion of completely ischemic kidneys (about 6 hrs.) or by injection of their 
venous blood. Non-ischemic kidneys gave negative results. Using the 
Lawen-Trendelenberg preparation he found vasoconstrictor properties 
in venous plasma from completelj’’ ischemic kidneys, but not from normal 
kidneys or completely ischemic spleens. Mason and Rozzell (1939), 
however, found the Lawen-Trendelenberg preparation unsatisfactory for 
the study of vascular effects of dog sera. 

Pressor responses have been obtained from perfusates of kidneys ren- 
dered completely ischemic for 24 hours (Dicker, 1937, 1938) and 4 to 6 
hours (Prinzmetal, Lewis and Leo, 1940). Williams and Grossman 
(1938) found pressor substances in renal perfusates. Although the kid- 
neys were not purposely made ischemic, a period of a few minutes to 2 
hours or more elapsed before the perfusions were performed. These 
authors also found 2 active substances in such perfusates, one resembling 
epinephrine, the other renin; this claim may bear a relationship to the 
preliminary variations obtained in our experiments. All the above in- 
vestigators failed to find pressor activity in perfusates of completely is- 
chemic organs other than the kidney. This finding agrees with our results 
on leg and liver. 

While it appears likely that the pressor material involved in persistent 
hypertension from partial renal ischemia is closely related to the agent 
involved in complete ischemia, the relationship has by no means been 
clarified. However, it is significant that Loesch (1933) was able to pro- 
duce moderate persistent h 3 ’^pertension by repeated brief occlusions of the 
renal vessels and ureters. 

SUMMARY AND CONCLUSIONS 

Taquini ’s findings are confirmed; intervals of complete, bilateral renal 
ischemia of 6 to 7 hours invariably result in elevations of blood pressure 
when circulation is restored. 

Briefer intervals of complete renal ischemia, even those as short as | 
hour, consistently give pressor effects. The magnitude of the responses 
IS only slightly less than that from longer periods. 

The characteristics of the response are as follows; the blood pressure 
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f'ithor witli tin* ollua* intact or clamped, is follov.'(‘<l hy a f^rolonKcd eleva- 
tion of blood pn^'■■•.un•. 
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ONcrt its pressor action solely, if at all, throut'h the eetitral nervous sy.stein. 

7f the circul.ntion to the lej: or to a portion of the liver is arrested for 
about 2 hours, no chivation of blood pressure oceur- when the circulation 
i.s restored. 

Neither recent, adrenalectomy nor recent splenectomy preveiit.s ati eleva-* 
lion of blood i)ressnre following restoration of renal circulation after com- 
plete ])ilaloral ischemia. 
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The litoratprc on llio digestive tract, contains nninerous rcfercnce.s to the 
intralnmen pressures of tlic gut. The limitations of the methods com- 
monly employed in such investigations should be aj^ijreciatcd, for in 
general they are physically inadequate to siqq^ly quantitative values. 
The fluid or semifluid gastro-intcstinal contents will tend to move from a 
region of higher to a region of lower intralnmen pres.sure; thus observa- 
tions, usually roentgenographic, of direction and rate of translocation of 
contents afford a rough suggestion of pressures. 

Records obtained by the balloon-water manometer technic have fre- 
quently been interpreted ii\ terms of intralnmen pressure, but the objections 
to this system have been so univcnsally nnapi^reciatcd that a critical analy- 
.sis is desirable. Certain objections arc referable to the water manometer. 
Since it has a high volumc-pre.ssurc coefficient, it cannot, yield quantitative 
values. This was illustrated as follows; With a 3 x 10 cm. balloon in a 
pressure chamber, but closed off from its water manometer, introduction 
of 5.0 cc. of air into the chambci' produced a pressure of 10 cm. of water. 
On restoring connection betwccji the balloon and water manometer, the 
pressure fell to 5.2 cm. An additional 5 cc. of air in the chamber was 
required to restore the pressure to 10 cm. Also, unlc.ss the balloon con- 
tains a large volume, displacement of its entire contents ina}' be insufficient 
to record the ma.ximum iJrcssurc applied to the balloon. However, a 
balloon of large volume constitutes an undesirable foreign body and it 
records from a large region, not from a point. 

The pressure, P, developed at any instant within a cavity whoso size 


is changing is related to the time rate of volume change f^nd to the 

lesistance offered to the escape of contents, R, as shown by the formula 
p __ civ 

~ TC' ^ Pi’essurc device having a large volume-])rcssuro ratio pro- 


’ Aided by a grant from tfie Council on Pharmacy and Chemistry, American 
Medical Association. 
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vidos an abnormal channel for escape of material from the cavity in ^Yhich 
pressure is to be measured. By reducing R, an error in pressure is intro- 
duced which bears no constant relation to tlie naturally occurring pres- 
sure. This abnormal channel for escape of material alters both physically 
and phj'siologicalh' the efficiency of the cavit}* as a pressure creating 
mechanism. Substitution of a bromoform manometer, a mercurv' man- 
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Fig. 1, The pressure produced by a 
ring slipped over a balloon will vary .ac- 
cording to the volume, size and shape of 
the balloon. tVith each pair of balloons 
the constricting rings have the same di- 
ameter. A. The balloons have the same 
shape and diameter but not the same vol- 
ume. B. The balloons have the same 
shape and volume but not the same di- 
ameter. C. The balloons have the same 
volume and diameter but not the same 
shape. 


Fig. 2. Method of optical registration 
of pressure in the pyloric antrum and 
duodenal bulb. 


ometer, a recording tambour, or an optical manometer progressively 
decreases the magnitude of the error due to volume change. 

The balloon has certain inherent objections when used for the quantita- 
tive measurement of pressure. When the pressure is applied by a fluid 
medium, unifonnlj' to the entire balloon surface, as in a pressure chamber 
or the “encased balloon” method (discussed subsequently), these objec- 
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tions are miiiimal. When the balloon is distorted into a dumb-bell shape 
b}'^ a constricting ring, such as liy the direct contact of a peristaltic con- 
traction of the gut, pressures will be dependent to an unpredictable extent 
on the volume, size and shape of the balloon (fig. 1). Also, if the constrict- 
ing ring causes a decrease in balloon volume, artificial pressures, not exist- 
ing in the gut lumen, may develop in the balloon. These pressures vill 
be inversel}’^ related to the ease with which the rubber stretches. We have 
recorded pressures from a small balloon (having an effective volume of 
0.3 cc.) in the gut 2 to 3 times as great as from a phj'^sically accurate 
recording device fastened adjacent to it. 

Technic. Although the principles of accurate pressure registration 
have been well established by Frank (1), thej’^ have not previously been 
applied to the deteiniination of gastro-intestinal pressures. We have 
applied these principles in constructing an optical manometer which con- 
sists of a brass tube with 1.5 mm. bore connected to the portion of the gut 
to be studied bj’- lead and rubber tubing having an internal diameter of 
1 mm. The total length was about 45 cm. The recording end of the 
manometer was closed with a rubber membrane supporting a small mirror 
chip which received light from a slit lamp and reflected the iDeam to a 
photok 3 Tnograph 2.5 meters from the mirror (fig. 2). 

The maximum rate of motility in the pyloric sphincter region may be 
taken as 30 contractions per minute and the frequency of the fastest 
significant component as 15 times this or 450 per minute (7.5 per sec.). 
This manometer is adequate to record such pressure changes without dis- 
tortion since it has a higher vibration frequency’’; 75 per second when 
recording from air, 20 per second Avhen recording from water or gastric 
juice and 15 per second from cornmeal mush. The vibration frequenc 3 ' of 
an oi'dinaiy water manometer recording from air is 1 to 2 per second. The 
coefficient of damping of our manometer is greater than 0.9 (i.e., the oscilla- 
tions are practicall 3 '’ criticall 3 ’^ damped) so it is capable of faithfull 3 ^ record- 
ing sinusoidal pressure waves of nearl 3 ’^ 15 per second from cornmeal 
mush. Application of Fourier’s method of harmonic anabasis to the curve 
shows that the error in the registration of maximal values is less than 1.3 
per cent. The sensitivity of the manometer is altered at times to meet 
special requirements b 3 ’^ vaiying the thickness and tension of the rubber 
membrane but usually a deflection on the photok 3 ’^mograph of about 2 
cm. is obtained for 10 cm. of water pre.ssure and the volume change in the 
apparatus is 0.1 cc. for 50 cm. of water pressure. 

Open tube method. The “open tube rnethod” was emplo 3 ’'ed in most of 
our studies. In this method, the rubber tube in the gut terminates in a 
hollow C3dindrical tip made of cellulose acetate which is firm enough to 
retain its shape, but soft enough to be practical^ non-irritatuig to adjacent 
tissue. The overall length of the tip is 2 cm., the free end has an internal 



794 


BIIOBV, AVEHLE, MESCHAK AEP QUIGLEY 



FiR. 3. ElTcct on antral andbulbar prosaiu’cs of fc'pdiiiR i)y montii (2 npiu'i- records) or by cnnnnla (lower rciiord). Interval of 
foedinR indicated by the heavy horizontal marks. 


INTRALTJMEN PRESSURES OF DIGESTIVE TRACT 


795 


diameter of 4 mm. and the end attached to the tubing is turned down to 
1 mm. In determining the pressures within the pyloric antrum and duo- 
denal bulb, two open cellulose acetate tips are drawn into the spaces to 
lie 3 mm. proximal and distal to the sphincter (fig. 2). In normal trained 
dogs provided mth pennanent metal cannulae by the technic of Meschan 
and Quigley (2), several hundred experiments have been performed. At 
the onset of the experiment food has been withheld for 24 hours. The 
animals are placed in the dorsal position in a comfortable hammock where 
they remain without restraining bands. When the recording tubes are 
connected to optical manometers as described, the intralumen pressure 
occurring at the mouth of each plastic tip is measured. 

The records are not affected by pressure of the gut wall on the tube, and 
the volume change with pressure is not significant. The small tube in the 
gut has essentia% no distending effect on the gut wall and the effect of the 
recording tip as a foreign body appears to be minimal. 

Encased balloon method. We also recorded the intralumen pressure with 
a balloon 1 cm. long and 0.5 cm. diameter and containing when in use 0.3 
cc. air. This is attached b}’’ a rubber tube to an optical manometer. 
This balloon is encased in a metal capsule having numerous perforations. 
When records are made simultaneously from the encased balloon and from 
an open tube lying adjacent to it, the phasic pressure changes are es entially 
identical. In general, results obtained from the open tube method and the 
encased balloon are identical except that the open tube records from the 
point at the mouth of the tube in the gut, wliile the encased balloon records 
from the larger space or region of the gut in which it lies. WTth the encased 
balloon, changes in temperature or position of the tubes may create false 
pressures (not true with the open tube method) and basal pressures are 
recorded less accurately. Furthermore, the encased balloon is a more 
objectionable foreign body than the open-tube. Passage of gastric con- 
tents into the encased balloon is impossible but such material may enter 
the open tube (it enters the plastic tip about 6 mm. for a pressure of 50 
cm. water and a pressure greater than 150 cm. is necessary to force material 
into the narrow bore end). Possible obstruction of the open tube from 
this source is minimized by routinely blowing 1 cc. of air through the tube 
at intervals and always when the changes characteiistic of plugging appear. 

Hesults and INTERPRETATIONS. The empty antrum and’ bulb form 
'multiple transitory closed cavities. It was shonm in several ways that the 
pressure changes measured with the stomach and duodenum empty were 
from closed cavities even when the gastric and duodenal lumen communi- 
cated with the exterior by the open cannulae 7 to 9 cm. from the recording 
tips. In a series of experiments, the metal cannulae were covered with 
'"alba stone cement” which adhered firmly to the skin and precluded leak- 
age between the cannulae and the abdominal wall. The continuous mass 
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of cement also covered the mouth of the cannulae through which the re- 
cording tubes passed and thus escape of gut contents through these 
channels was prevented. The records obtained using these precautions 
were identical in all respects with those obtained when the cannulae were 
simpl3’^ plugged with vaselined cotton and therefore the cannulae were 
sealed bj*^ the latter method in the majority of the experiments. 

Rubber tubes having a 4 mm. bore were introduced into the gut; one 
tube 4 cm. orad from the antral pressure recorder, the second 4 cm. aborad 
to the bulbar recorder. The opposite end of both tubes extended to the 
exterior. The records were not modified b}'' opening or closing these 
tubes. However, when the tubes to the exterior were fastened b}^ the 
side of the antral recordmg tip or the tubes were placed in tandem so the 
open ends were 3 mm. apart, the antral pressure sharph’’ fell to zero when 
the tubes to the exterior were opened. 

"ii^nien phasic pressures were taken simultaneously from two recording 
tips, one in the prepjdoric region of a fasting dog and the other 1.5 cm. 
proximal to it, the records evidentl}’’ were from different cavities. The 
proximal curve began and teiTOinated earlier and the peak usually was 
slightly lower than from the distal cavity. On the other hand, two records 
made from the same cavity (open tubes 2.5 cm. apart in either end of the 
perforated metal capsule without a balloon) were identical. If the antrum 
contains water the tendency to form completety separate cavities decreases 
and records made from two portions of the antnim show more resemblance 
to each other. 

Basal and -phasic pressures. The basal pressures wthin the antrum and 
bulb are partly extrinsic, partly intrinsic in origin. As in an inanimate 
object, the extrinsic portion is related primarilj’- to the intra-abdominal 
pressure in the vicinity of the structure under observation. With the 
animal at rest, the intra-abdominal pressure will depend on the postural 
contractions of the abdominal muscles and the diaphragm, but since the 
abdomen resembles an inverted glass of water, the pressure is lowest at 
the top of the cavity and increases progressivety at lower levels. The 
extrinsic pressure also is modified bj’’ the weight of organs tying on the 
structure studied, the traction of tissue dependent from it and the weight 
of the upper wall of the structure. The intrinsic pressure results from the 
tonic conti’action of the antrum and bulb respectively. The gut exhibits 
basal pressure when no contractions ai’e in the vicinity of the recording tip, 
for repeated fluoroscopic observations of animals given barium sulfate 
either -with a meal or as an “outliner” showed the region to be quiescent 
while displaying only basal pressure. 

With the animal lying in the dorsal position, basal antral and bulbar 
pressures during periods of fasting vary between —3 and -}-3 cm. of water. 
Superimposed on these are pressure elevations of about 2 cm. with each 
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inspiration and additional small oscillations due to the pulse are observed. 
Sub-atmospheric pressures, occasionally reaching —8 cm., are most 
frequent and most marked in the bulb. Usually negative pressures persist 
for about 1 to 2 seconds but they maj'’ continue for 8 to 10 seconds. The 
pressure for 10 to 15 minutes is sometimes sub-atmospheric as much of the 
time as it exceeds atmospheric. Transient negative pressure waves are 
especially frequent immediately after a phasic wave. They are rarely 
obtained immediate^ preceding a phasic wave when they might be antici- 
pated if a wave of relaxation precedes a wave of contraction as implied by 
Bayhss and Starhng’s Law of the Intestine. The enlargement of the gut 
which precedes a peristaltic wave is ascribed by Alvarez (3) and Henderson 
(4) to the distending pressure of advancing gut contents. Our results fail 
to support tliis suggestion for an elevation of pressure rarely precedes a 
■ phasic wave in the regions we studied. Wilson and Irving (5) reported 
negative pressures in the fundus of the full or empty stomach, but they 
employed the balloon method. 

If intra-abdominal pressure in the sphincter region is sub-atmospheric, 
a completely relaxed antrum and bulb should also show negative pres- 
sures, w'hile higher basal pressures would result from various degrees of 
antral or bulbar tonus. In preliminaiy studies usmg optical registration, 
we have repeatedly recorded sub-atmospheric intra-abdominal pressures. 
Negative intra-abdominal pressures have also been reported by Keppich 
(6), Reprev (7), Wagoner (8), Overholt (9), Lam (10) and others. How- 
ever, sub-atmospheric pressures of the gut may not result exclusively from 
negative intra-abdominal pressures. 

Basal antral pressure during fasting usually exceeds bulbar pressure by 
1 to 2 cm. ; thus factors interfering with the free passage of material between 
the two cavities must be present. This conclusion probably does not 
require active contraction of the pyloric sphincter, for the anatomical 
conformation of the sphincter region, its rough surface and mucous plugs 
may provide sufficient resistance. A higher basal pressure in the antrum 
than in the bulb may indicate a greater state of tonic activity in the 
former region. 

Phasic augmentation of pressure superimposed on the basal pressure 
occurs during fasting both in the antrum and bulb approximately 3 to 4 
times a minute. Typically, the antral wave begins slightly before the 
bulbar wave; they reach a maximum simultaneously and the bulb regains 
the basal level in advance of the antrum. Although deviations from this 
pattern are sometimes encountered, the two waves are so closely related 
and simultaneous fluoroscopic observations show antral, sphincter and 
bulbar contractions in such regular sequence as to preclude a chance rela- 
tion. A passage of influences from antrum to bulb is strongly indicated. 
Ihis observation is in accord with the demonstration by Mcschan and 
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Quigley of the progressive character of the contraction process in the an- 
trum, sphincter and bulb. On the contrary, Joseph and Meltzer (11) 
report that after each antral contraction the duodenum stops its rhythmic 
contraction and loses its tone, a manifestation of the Law of Contrarj^ 
Innervation. Alvarez and Mahone3’’ (12) emphasize a blocking of per- 
istaltic waves at the sphincter; Thomas and Crider (13) find the gastric 
influence on the duodenum is predominantly inhibitoiy and Barclay (14) 
reports that antral peristalsis stops dead at the sphincter and does not 
pass into the duodenum. The influence transmitted from the antrum 
to the bulb to produce the sequential relationship noted by us may be 
either nervous or mechanical. It need not be dependent on the filling of 
the bulb bj'" antral contents for the relation holds during fasting when 
nothing is being evacuated from the stomach. 

Antral phasic pressure waves persist for 5 to 7 seconds, bulbar waves for 
2 to 4 seconds. Maximal pressures are essentiallj’’ the same in the antrum 
and bulb and usuallj'- range between 15 and 30 cm., but occasionallj’' pres- 
sures of 60 to 90 are obtained. Employing the water manometer or tam- 
bour technic von Pfiingen (15) recorded a pressure of 162 cm. in the pre- 
pjdoric region, Moritz (16) observed cjmlic prepyloric pressures of 20 to 30 
cm., or occasionally 40 to 60 cm., while Sick (17) obtained pressures of 
25 to 42 cm. near the pylorus. In fasting animals we find periods of phasic 
pressure changes continuing for 5 to 10 minutes alternate with periods of 
quiescence lasting for approximatelj’" 60 minutes. The periodic character 
resembles ordinary hunger contractions recorded from the body of the 
stomach rather than the continuous activity recorded by Meschan and 
Quigley (2) from the sphincter region. Alvarez (3), Barclaj’’ (14), Wilson 
and Irving (5), and Goette and Grosser (18) state that roentgen cinemato- 
graphic and roentgenographic or balloon studies on man and animals 
show that peristaltic contractions never close the antrum from the orad 
portion of the stomach and therefore peristalsis is incapable of elevating 
pressure in the antral lumen. Our results show this description is generallj’’ 
applicable to the proximal antmm but when the wave involves the pre- 
pjdoric region, a closed cavity develops and the pressure rises. Also, 

reference to the formula P = ^R shows that if the contraction is rapid, so 

the rate of volume change is high, pressure may develop even though the 
lumen is not completely occluded by the wave. 

Fluoroscopic studies in our animals when given BaS04 show that antral 
and bulbar phasic pressure changes failed to occur Avithout associated 
contractions. We conclude that antral phasic waves develop Avhen a 
contraction wave decreases the volume of the ca\'ity occupied by the 
recording tip and interferes Avith orad escape of contents at a time when 
sphincter closure or bulbar resistance obstructs aborad passage of material. 
In the bulb, phasic pressure develops when the bulb contracts while the 
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sphinctei’j orad and the duodenal tone aborad offer resistance to the move- 
ment of bulbar contents. A further indication that the sphincter closes 
and separates the two cavities at the time phasic pressures develop arises 
from the observation that antral and bulbar pressure changes are rarely 
identical in magnitude or in time of onset 'and termination. However, 
when the pyloric sphincter of fasting animals is propped open with a spool- 
shaped object having a 5 mm. hove, thus providing free communication 
between the two cavities, basal pressures in the antrum and bulb agree 
and phasic jiressures coincide in all respects. 

Caution must be exercised in expressing phasic pressure changes in 
terms of peristaltic contractions, for, although they are related, the rela- 
tionship is not simple. The slope of a pressure curve docs not necessarily 
indicate the rate of gut contraction or relaxation, e.g., a slight relaxation 
maj’ suffice to connect a cavity of high pressure with one of low pressure, 
resulting in a rapid fall of pressure in the former cavity, although the gut 
muscle continues to relax long after the intralunien pressure approaches 
the basal level. 

Ingestion of food. When 150 cc. of thin, strained mush (cornmeal and 
meat) is administered orallj’’ while a series of phasic antral and bulbar 
pressure variations is in progress, they are replaced by irregular fluctua- 
tions of 0.5 cm. of water magnitude occurring 30 to 50 times per minute. 
Fluoroscopic observations show that peristaltic contractions are inhibited. 
At the cessation of deglutition the normal antral and bulbar pressure 
pattern and the peristaltic contractions are promptly regained. If phasic 
pressure changes and peristaltic contractions are absent preceding the 
ingestion of food, they usually appear shortly afterwards. If food is 
simply placed near the animal’s nose, phasic changes also disappear but 
reappear within two minutes following removal of the olfactorj^ stimulus. 
This influence from eating or smelling food is equall.y effective in the full 
or empty stomach. It occurs in vagotomized animals and thus the vagi 
need not be involved in the reflex. 

If the mush is introduced via the gastric cannula without attracting the 
dog’s attention the phasic changes do not disappear but, on the contrary, 
are usually exaggerated. This occurs dc.spitc the fact that the rate of 
introduction is only h to | as rapid as when the meal is fed by mouth. 
Whether the food is given orally or by cannula, within a few minutes after 
feeding, the gradient of pre.ssure from antrum to bulb increases, the phasic 
changes become more frequent, more uniform and usually of greater mag- 
nitude, and this type of activity persists for an hour or more. The records 
closely resemble those obtained from the pyloric region of fasting or fed 
dogs by the tandem balloon technic of Meschan and Quigley (2) and tend 
to confirm the impression that even in the fasting dog the tandem balloon, 
perhaps because of its distending action, records the "fed” type of motility. 

When food is administered orally or by cannula, the basal pressures are 
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elevated and the gradient of pressure from antrum to bulb is increased. 
Subatmosphei'ic ])rcssures are still obtained occasionall.y, especially follow- 
ing a phasic wave. Cannula feeding usually produces an immediate rise 
in basal pressure but with oral feeding it may be delayed for a few minutes. 
After 150 cc. of mush, antraf ])rc.ssurc reaches 4 to 6 cm., bulbar pressure 
1 to 3 cm., but with 1 liter of mu.sh, antral jirc.ssure jna.y be 7 to 8 cm. and 
bulbar about 4 cm. Identical rcsiilts were obtained in double vagotomized 
animals. The elevation of antral and bulbar basal pre.ssure after feeding 
may be due either to a general inerca.se in the tone of the antrum and bulb 
or to an increase in the quantity of material entering these cavities. 
Against, the latter suggestion is the fact that the typical increase occurs 
even on those occasions when not enough of the meal enters the antrum 
and bidb for .some minutes after feeding to peiTnit their visualization. 
Subsequently, the quantity entering the antrum at one time is moderate. 
The delayed rise in pre.ssure after oral feeding and the immediate response 
to cannula feeding must involve a. refle.x producing a difference in tonus 
development. 

Employing dogs several months after double vagotomy we obtained 
pressure records indistinguishable as regards basal jjressure, frequency and 
magnitude of phasic changes from those of normal dogs except the former 
showed a slower onset of phasic changes following the ingestion of food. 
The literature describing the gastric effects of vagus section is contradic- 
toiy, but these obsciwations are in accord with the report of McCrea, 
MeSwiney and Stoppford (19) of normal gastric motility after vagotom.y. 
However, they do not support the observation of IMcck and Herrin (20) 
who reported a permanent loss of gastric tonus following this operation. 

We are grateful for technical aid in t,his investigation fi'om Miss M. R. 
Read and Mr. F. .1. Rack. 


SUAIM.ARY 

A critical analysis of the ordinary balloon-water manometer method 
emphasizes its inadequacy for the registration of gastro-intestinal pres.sures. 
Many objections arc related to the high volume-pres.sure ratio, but in addi- 
tion the recorded pressures will vary with the size, shape and volume of the 
balloon. Pressures are accurately measured from an open tip in the gut 
and an optical manometer for rcgi.stration. The basal pressure of the 
]) 3 doric antrum usually* exceeds the basal pressure in the duodenal bulb and 
both rise moderately when food enters the stomach. Sub-atmospheric 
]Dressures are common in both regions, Periodicall.y, phasic pressure 
changes amounting to about 30 cm. of Avater develop in both regions. 
The phasic pressure changes of the bulb are generally closel.y related to 
those in the antrum. Thej’’ are produced re.spectivelj’^ b.y bulbar or antral 
contractions. Swallowing or smelling food produces a transient inhibition 
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of these pressure changes even in vagotomized animals. After feeding, 
this inhibition is quickly supplanted by phasic changes more unifonn, more 
persistent and frequent^ of greater magnitude than preceding the feeding. 
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